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Abstract
The HetNet architecture is considered to be one of the promising solutions for the problem
of capacity crunch and increasing energy consumption of wireless communication networks.
Hence, it is expected to be one of the key aspects in the realisation of the future wireless
communication networks. Moreover, future wireless communication networks are characterised
by the co-existence of multiple radio access technologies called multi-RAT HetNets. In this
context, the integrated cellular-WLAN HetNet attracts considerable interest among the mobile
network operators. One of the major challenges of such HetNet is the optimal selection of
serving network. In this regard, this thesis focuses on the efficient network selection schemes
for an operator deployed cellular-WLAN HetNet.
Firstly, a novel load balancing scheme is proposed for an operator deployed cellular-WLAN
HetNet, where the user association is controlled by employing cell-breathing technique for the
WLAN network. In this scheme, the coverage of each WiFi AP is dynamically optimised to
achieve desired load balancing. Since this is a network controlled traffic steering scheme, users
can simply associate to the available strongest WiFi AP, without making any complex network
selection decisions. Thus, can be easily implemented in an existing cellular-WLAN HetNet.
Subsequently, performance analysis of cellular-WLAN HetNet is carried out for a saturated
downlink scenario, in order to investigate the effect of deploying CRE technique for WLAN
network in the cellular-WLAN HetNet. In addition, a cellular-WLAN interworking architecture
and detailed signalling procedures are proposed for implementing CRE scheme in an operator
deployed cellular-WLAN HetNet.
Finally, a novel Adaptive Stochastic Radio Access Selection scheme is proposed for an operator
deployed cellular-WLAN HetNet. This scheme implements a stochastic network selection policy
that assigns certain probability for selecting WLAN according to the status of the network in
terms of load and signal quality. The proposed scheme helps to improve the system performance
in terms of network throughput, energy efficiency, and call blocking probability.
Key words: Heterogeneous Networks, Multi-RAT, Cellular, WLAN, Network Selection,
Energy Efficiency.
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Chapter 1
Introduction
Recent evolution of wireless communication devices such as Smart-Phones and Tablet-
Computers continues to explode the traffic demand in wireless communication systems.
It is expected that the global mobile traffic will increase nearly eightfold by 2020 with
respect to 2015, at a CAGR of 53%, reaching over 30.6 exabytes per month by 2020 [1].
This explosive growth of wireless data-traffic causes huge challenges for the wireless net-
work operators to significantly increase the network capacity. However, it is expected
that the mobile network connection speeds will increase just above twofold by 2020 [1].
Since improvements in SE at link level approaches its theoretical limits, the next gen-
eration of technologies should focus on improving SE per unit area, which is referred
to as AE, in order to cope with the increasing traffic demand on mobile networks [2].
One of the most promising solution for this challenge is the HetNet architecture [3]. A
HetNet may consist of different size of cells with or without overleaping coverage. In
HetNets, small cells bring down the distance between transmitter and receiver, which
results in low pathloss. This leads to an increased RSP, SNR and better SE. Therefore,
the AE can be significantly improved [4]. However, there is a concern that increased
densification of small cells could increase the SINR, and thus could deteriorate the sys-
tem performance [5]. To this end, mitigating interference while increase the network
capacity, is considered as a major challenge in HetNet. As a result, there are numerous
ICI mitigation techniques, such as interference cancellation, interference randomisation
and interference avoidance techniques, were developed to overcome the challenge of
1
2interference in HetNet [6]. The major advantage of such HetNet is that the low power
small cells can increase the capacity of the network multi-fold, while introducing min-
imal deployment cost compared to the traditional macro-cells [7]. Hence, HetNets are
expected to be one of the key aspects in the realisation of future wireless communication
networks.
In addition, the future wireless communication network is characterised by the co-
existence of multiple RAT called multi-RAT HetNet [8]. In multi-RAT HetNet, different
RATs can be integrated to provide service to same coverage area in a complimentary
manner. Therefore, the resources can be better exploited in multi-RAT HetNet to
provide service to different users with different service requirements (e.g. throughput,
delay, mobility etc). In particular, the integrated cellular and WLAN attracts consid-
erable interests in the mobile communication industry. This is due to the fact that the
utilisation of unlicensed spectrum in WiFi brings additional bandwidth resources in-
stead of sharing the much scared and costly cellular frequency spectrum for small cells.
Moreover, most of the current and future mobile communication terminals support
both cellular and WiFi networks. It has been reported that 51% of mobile traffic was
off-loaded to WiFi networks in 2015, and it is expected to increase to 55% by 2020 [1].
Apart from the capacity demand, energy consumption of mobile terminals becomes
an increasing concern due to the increased network usage of latest advanced wireless
communication devices (e.g., smart phones). Therefore, there is a significant threat
that the future mobile users will be searching for power outlets rather than network
access, and once again binding them to a single location. This problem is sometimes
described as the energy-trap of future mobile communication systems [9]. On the other
hand, recently, there has been an increasing interest in reducing energy consumption of
the communication network in the wireless communication industry, since the OPEX
of the network is dominated by the cost of energy [7,10]. Moreover, the rapid growth of
mobile traffic will result in increased network energy consumption, as a consequence, the
OPEX will raise. In addition to the increase in OPEX, the rise in energy consumption
has also some environmental impacts in terms of increased CO2 emission. It is expected
that the carbon footprint of mobile communication industry will be about 235 Mega
tons in 2020, which is a threefold increase compared to that of 2007 [11]. Therefore,
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improving the EE of mobile communication networks is becoming an important aspect
of the wireless communication systems. Hence, apart from the coverage, capacity and
QoS, the EE also becomes a KPI from the component design to the network operation
of the future wireless communication networks.
Studies show that major part of the energy (50-80%) is consumed in the wireless access
part of the mobile communication networks [12]. Hence, improvement in EE of access
networks, will have considerable impact on the total network EE. In this regard, the
HetNet architecture can also be considered as a promising solution to improve the
network EE. In HetNets, particularly in small cells, the required transmit power is
very low compared to macro-cells, due to the short distance between transmitter and
receiver [4]. This enables the BS or AP to be made with less complexity and improved
power efficiency. For example, such low power small BS or AP does not require any
cooling systems, which usually consume considerable amount of power in a typical
macro BS cell site. Moreover, the reduction in transmit power requirement, due to
close proximity, can improve the battery life of mobile devices. Traditionally, there is
a trade-off between SE and EE at link level. However, with the HetNet architecture,
it is possible to improve EE of the network while improving AE. Therefore, HetNets
attract considerable interest from the mobile communication industry. Particularly,
deployment of WiFi hot spots attract significant interest, due to the fact that apart
from the aforementioned advantages, they can considerably reduce the deployment and
operational costs.
Although, multi-RAT HetNet can improve the service quality by exploiting different
types of available resources, there are many challenges related to the efficient operation
of multi-RAT HetNet. This is mainly due to the deferent technological and architec-
tural aspects, and lack of direct coordination and cooperation between different RATs
(especially between the RATs developed under 3GPP and IEEE standards).
1.1 Motivations and Objectives
One of the major challenge in multi-RAT HetNets is the optimal selection of the serving
network [13]. It is evident that the adopted network selection strategy can have a
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considerable effect on the overall network performance [14]. However, due to lack
of direct coordination and different access mechanisms between different RATs, the
task of intelligently selecting the optimal network to achieve the best overall network
performance, has always been a difficult challenge. Thus, in order to facilitate intelligent
network selection and VHO in a multi-RAT environment, the 3GPP standard ANDSF,
and the IEEE standard MIH were developed [15,16]. Although, the standards facilitate
a framework for intelligent network selection, they do not specify how the network
selection decision should be made. The decision making is left to the mobile devices.
However, in general, the network related policies are not considered by most of the
devices. The devices make the network selection decision based on their local knowledge
and the user preference. For instance, in the mainstream network selection scheme
known as WLAN-first, the UE always tries to connect to WiFi, if there is a WiFi
coverage available, regardless of the status of the WiFi network [17]. This kind of
simple scheme can be beneficial for legacy cellular networks (e.g., 2G and 3G networks),
which have relatively low system capacity compared to WiFi. However, the capacity
of latest cellular network (e.g., LTE) is relatively higher and more efficient in terms of
the SE. Therefore, off-loading all data traffic to WiFi in the dual coverage area may
not always be advantageous; especially, when the user density is much higher under the
WiFi coverage.
Although, there are many network selection solutions available for multi-RAT HetNet
in the literature [18–20], most of them focus on the user perceived performance, such
as QoS, mobility, and battery life of the mobile terminals. However, in the operator
deployed multi-RAT HetNet, especially, in cellular-WLAN HetNet, the operator’s in-
terest lies in the total network performance, such as system throughput, call blocking
probability, collective user fairness, and network EE. Moreover, studies that focus on
network selection in cellular-WLAN HetNet, typically assume either a fixed system
throughput regardless of channel condition [21], or theoretical achievable throughput
based on perceived SINR [22]. However, these assumptions are questionable, especially
when investigating the performance of a multi-RAT HetNet. This is due to the fact
that in reality, different RATs employ different multiple access schemes at MAC level,
even though they may employ same PHY technique (e.g., OFDM-PHY in LTE and
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WiFi). The difference in MAC layer techniques in cellular and WLAN has a consider-
able impact on the users’ perceived throughput as well as on the system performance
of each RAT. Therefore, it is important to consider the practical aspects of different
RATs in order to make any network selection decisions.
Thus, the main aim of this thesis is to investigate and design optimal network selec-
tion strategies in order to improve various system performance such as load balancing,
fairness, system throughput and system EE of an operator deployed cellular-WLAN
HetNet by:
• Developing practical solutions to off-load the cellular data traffic to WLAN net-
work in an operator deployed cellular-WLAN HetNet, where the off-loading (i.e.,
traffic steering) decisions are made on the network side (i.e., BS), and thus, there
is no (or minimum) change required at the UE.
• Developing analytical model for performance evaluation of cellular-WLAN Het-
Nets that considers practical aspects of each network, such as centralised resource
allocation for cellular, random access for WLAN, and higher traffic density under
WLAN coverage areas.
• Limiting the decision making process of any solution to the network side; and
therefore, the network operator can influence the network selection according
to their objectives, such as load-balancing, user fairness, and network EE, and
reduce the signalling overhead over the air interfaces.
• Proposing architectural enhancements and signalling procedures in order to im-
plement the proposed schemes in a practical network that require minimal changes
in the network and the UE.
1.2 Structure of Thesis
The remainder of the thesis is structured as follows:
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• Chapter 2: This chapter presents the concept of multi-RAT HetNets. Firstly, a
brief discussion on the development of HetNet is given. Then, the technical back-
ground of multi-RAT HetNet is discussed, including categorisation of networks
based on deployment. Hereafter, the major challenges related to the operation of
multi-RAT HetNet, especially, the challenges related to coordination and cooper-
ation of different RATs, network selection and vertical handovers, and combined
radio resource management are outlined, together with the solutions available to
overcome these challenges in the literature. Subsequently, EE aspect of multi-
RAT HetNet is investigated, including commonly used EE metrics and state of
the art power consumption models. Especially, the deployment strategies and
operation strategies that aim to improve the EE of multi-RAT HetNet are dis-
cussed.
• Chapter 3: This chapter proposes a novel load balancing scheme for an opera-
tor deployed cellular-WLAN HetNet, where the user association is controlled by
employing cell breathing technique for the WLAN network (i.e., the coverage of
the WiFi APs are optimally adjusted to achieve desired load balancing between
cellular and WLAN). The chapter firstly provides the background of the proposed
scheme, which explains the motivation behind this scheme. Subsequently, the con-
sidered system model is explained in detail, including the user association schemes
and the user throughput models. Hereafter, formulation of optimisation problem
is given followed by a practical suboptimal algorithm. Finally, the performance
of the proposed scheme is evaluated and compared with mainstream schemes in
terms of system throughput, user fairness and load distribution between cellular
and WLAN networks.
• Chapter 4: Apart from the cell breathing technique, there is another technique
used to control the user association in HetNets , which is called CRE. Although,
this technique is designed for single-RAT HetNet (i.e., LTE macro-femto Het-
Net), recently, there are some effort in implementing CRE in multi-RAT HetNet.
Thus, in this chapter we analyses affect of employing CRE technique to control
the user association in an operator deployed cellular-WLAN HetNet. Moreover,
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this chapter proposes a practical implementation scenario for employing CRE
technique for cellular-WLAN HetNet, specifically, LTE-WiFi HetNet, including
architectural enhancements and signalling procedures. The proposed architecture
and signalling procedures can also be utilised to implement the scheme proposed
in Chapters 3. This chapter firstly provides the background of this chapter includ-
ing a sort review of the CRE technique is presented, followed by the considered
system model including the user association method for this analysis. Then, the
performance evaluation model is given in detail. Subsequently, the performances
of the CRE scheme is analysed. Finally, the practical implementation scenario
for CRE in LTE-WiFi NetNet is presented.
• Chapter 5: Although, the load balancing and CRE schemes proposed in Chapter
3 and Chapter 4 provide practical solutions for balancing the load between cellular
and WLAN networks, while ensuring certain level of fairness in terms of user
throughput, they do not consider the EE of neither the network nor the UEs.
Thus, this chapter proposes a novel network selection scheme called ASRAS for
mobile users in cellular-WLAN HetNet, which aims to improve the total network
EE. In this scheme, a mobile user located in dual coverage area randomly selects
WLAN with probability of ω when there is a need for downloading a chunk of data.
The value of ω is optimised according to the status of both networks in terms
of network load and signal quality of both cellular and WLAN networks. The
chapter firstly presents the background of this chapter, followed by the considered
system model for the proposed scheme. Subsequently, the detail description of
the proposed ASRAS scheme is given. Hereafter, an analytical model is developed
to find the optimal value of ω for the proposed scheme. Finally, the performance
of the proposed scheme is evaluated and compared with two mainstream schemes
namely, WLAN-first and Load Balancing, in terms of EE, throughput, and call
blocking probability.
• Chapter 6: This chapter provides a conclusive summary and puts into per-
spectives the numerous insights and findings that have been obtained from the
previous chapters. Furthermore, a number of open issues on the network selec-
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tion of an operator deployed cellular-WLAN HetNet are discussed and future
work directions on this topic are proposed.
1.3 Overview of Contributions
The main contribution of this thesis can be summarised as follows:
• A novel load balancing scheme for an operator deployed cellular-WLAN HetNet,
where the user association is controlled by employing cell breathing technique for
the WLAN network. In this scheme, the users can simply associate with available
strongest WiFi AP without making any complex association decision, since the
computational complexity is limited to the network only. Thus, the proposed
scheme can be easily adopted to the current and future cellular-WLAN HetNet
without any changes in the user side, which makes this scheme more practical in
terms of implementation.
• Analysis of CRE for an operator deployed cellular-WLAN HetNet. This is to
investigate the effect of deploying CRE technique for the WLAN network in
a cellular-WLAN HetNet. Considering the practical aspects of each type of
access technology, this analysis reveals that applying positive biasing towards
WLAN network deteriorates the system performance. Moreover, the results form
this analysis demonstrate that there is a trade-off between fairness and system
throughput, which can be optimised by optimally adjusting the bias-factor for
each AP individually, with appropriate utility function.
• An interworking architecture with detailed signalling procedures for implementing
CRE technique for cellular-WLAN HetNets, specifically, for LTE-WIFi HetNet.
The proposed architecture can also be utilised to implement other traffic steering
and network section schemes, such as cell breathing, which require close coordi-
nation at the RAN side of the multi-RAT HetNet.
• A novel ASRAS scheme for an operator deployed cellular-WLAN HetNet. This
scheme implements a stochastic network selection policy that assigns certain prob-
ability for selecting WLAN according to the status of the network in terms of load
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and signal quality. This approach helps to improve the system performance in
terms of network throughput, EE or call blocking probability. One of the main
advantages in this scheme is that it does not require complex computation on the
UE side, since the computational complexity is limited to the network. At the
same time, it allows the operators to influence the network selection decision by
setting the appropriate probability for selecting the WLAN according to different
objectives.
• An analytical model for performance evaluation of cellular-WLAN HetNets based
on CTMC for VBR data services that considers system specific overhead and limi-
tations (i.e., limited MCS), as well as state based total power consumption models
for each network. The proposed model can be used to evaluate system perfor-
mance metrics such as system throughput, EE, and call blocking probability. In
addition, this model can be used to optimise the load distribution between cel-
lular and WLAN networks to optimise the system performance based on various
objectives.
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Chapter 2
Technical Background and State of the
Art
This chapter presents the concept of multi-RAT HetNets. First, the technical back-
ground of multi-RAT HetNet is discussed, including the categorisation of networks
bested on the deployment of network. Hereafter, the major challenges related to the
operation of multi-RAT HetNet, especially, the challenges related to coordination and
cooperation of different RATs, network selection and vertical handovers, and combined
radio resource management are outlined, together with the solutions available to over-
come those challenges in the literature. Subsequently, EE aspect of multi-RAT HetNet
was investigated, including commonly used EE metrics and state of the art power con-
sumption models. Especially, the deployment strategies and operation strategies that
aim to improve the EE of multi-RAT HetNet are discussed.
2.1 Heterogeneous Networks
Traditional wireless cellular networks are typically deployed as homogeneous networks
using a relatively large coverage macro BSs in a planned layout. In a homogeneous cel-
lular system, all the BSs have similar transmit power levels, antenna patterns, receiver
noise floors, and similar backhaul connectivity to the core network. The locations of
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the BSs are carefully chosen by network planning, and the BS settings are properly
configured to maximize the coverage and control the interference between BS [23]. As
the traffic demand grows, the network relies on cell splitting or additional carriers to
overcome capacity demand. However, this deployment process is complex and iterative.
Moreover, site acquisition for macro BS with towers becomes more difficult in dense
urban areas.
Apart from the increased traffic demand, operators are facing flattening revenue per
bit due to largely flat-rate data-centric service plans. Thus, it is not cost effective
to add more macro BSs to increase the network capacity [24]. Hence, operators are
looking for a cost effective solutions to increase their network capacity. To this end,
deploying small cells such as micro and pico cells in a hierarchical or layered architecture
seen as a promising solution for the growing capacity demand. This kind of network
architecture is referred to as heterogeneous networks or HetNets [4, 24]. Due to the
short distance between transmitter and receiver in small cells, the required transmit
power is very low compared to the macro-cells [3,23]. This enables the small cell BSs to
be made with less complexity and low cost. In addition, the low power small BSs do not
require any cooling system (which usually consumes considerable amount of additional
power in a typical macro BS), and thus consumes much less power, and require only a
small footprint, hence reduced CAPEX and OPEX. Moreover, the multi-tier structure
enhances capacity and coverage via enabling dense reuse of the spectrum and improving
link quality due to shorter distance between the BS and UE.
The aforementioned advantages of HetNet deployment lead to more attention on the
development of femto-cells also known as HBSs or HeNBs in LTE and LTE-A systems
[3, 4, 23–28]. Femto-cell is a low-power short-range BS (same as WiFi AP), which
operates in licensed spectrum. Unlike the macro, micro and pico cells, the femto-cells
can be installed by the customer (i.e., subscriber), and it can be connected to the
mobile core network using the excising internet connection as a backhaul link [29].
However, there are many challenges related to the deployment of such HeNBs. For
example, in most cases, femto-cells will use same frequency spectrum as the macro-
cell. This kind of dense reuse of spectrum in a multi-tier network, will increase the
so called Cross-Tier Interference. Hence, the SINR and SE will be reduced [30–32].
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Apart from the multi-tier aspect of HetNets, the other interesting aspect is the usage
of multiple RATs. In a multi-RAT HetNet, the added advantage is that different RATs
utilise different spectrum including the unlicensed spectrum (e.g., WiFi). Therefore,
multi-RAT HetNet does not suffer from cross-tier interference. The following section
describes the multi-RAT aspect of HetNet in detail.
2.2 Multi-RAT Heterogeneous Networks
Due to the technological improvements and innovations, various kinds of wireless access
technologies were developed and deployed over the past decades. Among them, GSM,
UMTS, LTE, WLANs, WiMAX and Bluetooth are some major examples. During the
initially development of each RAT, the available technology, design objectives, service
requirements, and the regulations lead to different access technologies. For example,
the cellular technologies (e.g., GSM) were developed primarily for voice service with the
objective of providing large coverage and service continuity on the move (i.e., mobility),
while the WLAN technologies were developed for providing high bandwidth, short
range, and low cost solution for data services. As a consequence, currently there are
many access technologies available to serve the user depending on the user’s service
requirements. However, each RAT has its own benefits and limitations based on the
service it can provide to the user (e.g., coverage, bandwidth, and monetary cost, etc).
Therefore, one of the main objectives of 4G (also sometimes referred to as beyond 3G
systems) was to integrate all these different access technologies into a common network,
sometime referred to as OWA that provide ABC services to the users, where the users
are able to choose the best available access networks in a way that best suits their
needs [33].
Figure 2.1 shows an example of multi-RAT heterogeneous wireless access network.
Such integrated (or coordinated) networks are sometimes referred to as HetNets in the
literature. However, the term “HetNet” sometimes means the network consists different
sizes of cells (macro, micro and femto), different RATs, different services or all together.
Therefore, in order to avoid the ambiguity, in this thesis the term “heterogeneous” is
only used in order to refer the existence of different cell sizes (i.e., the coverage area
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Figure 2.1: Multi-RAT heterogeneous network
of base station or access point). Hence, the wireless access network can be categorised
into four different categories based on the deployment of network as follows (see Figure
2.2):
1. Single-RAT Homogeneous network; where the network is deployed homogeneously
(i.e., macro-cells only) with a single access technology (e.g., traditional cellular
network such as 2G).
2. Single-RAT Heterogeneous network; where the network consists of different size
of cells (i.e., macro, micro, pico and femto-cells) that provide service to users
through single access technology.
3. Multi-RAT Homogeneous networks; where the network consists of more than
one RAT in order to provide the service, with homogeneously deployed access
networks (e.g., 2G and 3G macro-cells provide the service to same coverage area).
4. Multi-RAT Heterogeneous network; where there are different access technologies
with different cell sizes provide the service to the user in the same coverage area,
such as integrated cellular and WLAN networks.
Among the aforementioned categories, the multi-RAT HetNet has been identified as
the future architecture of wireless communication systems [8]. The major advantage
multi-RAT HetNet is the availability of additional spectrum. Moreover, in general,
each RAT (e.g., cellular and WLAN) will utilise different frequency spectrum, which
are orthogonal to each other. This will avoid the interference between network tiers.
2.3. Network Selection and Vertical Handover 15
Figure 2.2: Categories of network based on deployment
However, there are many challenges related to efficient operation multi-RAT HetNets,
such as optimal network selection, coordination and cooperation (i.e., inter-operability),
handover (i.e., mobility), efficient resource management, and security. The following
subsections discuss some of these challenges and the recent related studies, which are
trying to address these challenges.
2.3 Network Selection and Vertical Handover
It has always been a challenge to make an optimised cell selection or handover decision
in a multi-RAT HetNet environment, mainly due to different technological and archi-
tectural aspects of each RAT, as well as lack of direct coordination between different
RATs (especially between the RATs developed under IEEE and 3GPP standards). The
handover between different RATs is referred to as VHO in the literature [34]. There
are many studies related to network selection and VHO in literature, most of them
mainly focus on seamless mobility, system performance (i.e., system throughput), load
balancing and UE’s EE (i.e., prolonging the battery life of UE). The works presented
in [35–38] looking into seamless mobility in a multi-RAT HetNet environment. In [35],
the authors propose a new method to facilitate seamless VHO between the wide-area
cellular data networks such as UMTS, and the WLAN, using the SCTP. However, in
their study they consider that the bandwidths for UMTS and WiFi links are fixed at
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384 kb/s and 2 Mb/s respectively, which is not realistic since the data rates can vary de-
pend on the channel condition. In [36], the authors propose an intelligent context-aware
solution that considers both users’ and services’ requirements to make a seamless VHO
decision. A fuzzy logic based VHO algorithm for mobile terminal is proposed in [37],
which aims to provide an efficient seamless VHO between LTE and WLAN, on the
basis of multiple system parameters. The study in [38] investigates the use of a cost-
function to perform an optimal network selection in a multi-RAT environment, and it
has been shown that the proposed solution increases the overall network connectivity,
while optimising energy consumption of multi-radio devices (i.e., UEs). However,the
VHO and network selection solutions presented in [36–38] are UE-centric, and thus
they add additional computational complexity to the limited hardware on UEs. In
addition, they introduce additional signalling overheads between network and UEs to
realise such distributed (i.e., UE-centric) solutions.
The studies in [39, 40] aim to preserve the battery life of the UE while making op-
timised VHO decisions. In [39], the authors describe a context-awareness framework
capable of supporting energy-centric VHO decision making to improve EE of the UE.
However, this is also a UE centric scheme. On the other hand, a network centric VHO
decision algorithm is presented in [40], which maximises the collective battery lifetime
of the mobile nodes, and balances the overall load among all attachment points in a
multi-RAT HetNets. However, the proposed solution requires an additional hardware
entities called VHD controllers, to be added to the network to implement the pro-
posed solution. Meanwhile, studies in [41, 42] examine and provide network selection
and VHO solutions to improve system performance in terms of system throughput,
QoS and continuity. In [41], the authors introduce a measurement-based network se-
lection technique that provides a way to acquire QoS information in order to improve
the overall QoS and system capacity, and also to reduce the unnecessary handovers in
multi-RAT HetNet. In [42], the authors propose a MDP based VHO decision algorithm
for a multi-RAT HetNet in order to improve system performance. However, both of
the above studies assume that the system capacity of WiFi is fixed regardless of the
user location. In addition, both of the solutions are UE-centric, which adds additional
signalling overheads to scared air-interface, and computational complexity to UE.
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Recently, in [43] the authors propose an adaptive network selection algorithm in the
delayed off-loading scenario for cellular-WLAN HetNet, where they introduce a bio-
logical inspired method, attractor selection, to adaptively control the optimal network
selection for the off-loading users. They show that the proposed algorithm achieves a
more efficient data off-loading while guarantee the quality of services (QoS). However,
they also assume that the capacity of WiFi is fixed. In addition, in order to implement
the proposed scheme, a sperate network has to be added to the network, which add
extra cost and complexity. In [44] a UE preference-aware network selection algorithm
is proposed for a multi-RAT HetNet that consists of LTE, WiFi and integrated LTE
femto-WiFi nodes. It has been argued that the proposed algorithm is superiority in
terms of user fairness, throughput maximisation and energy saving, compared to non
preference-aware algorithms. However, it has been assumed that the WiFi capacity is
similar to the LTE, based on the perceived SINR.
2.4 Coordination and Cooperation of Multi-RAT Hetero-
geneous Networks
Since each RAT has been developed with different architecture and operation protocols,
the integration of different RATs has been a major challenge in a multi-RAT environ-
ment. Especially, access technologies developed based on 3GPP and IEEE 802.x spec-
ifications were developed independently at the beginning of their development process,
without considering any cooperation between these two systems. However, in order
to harvest the advantages of multi-RAT HetNet, and optimise the operation of such
HetNets in terms of service continuity, mobility, security and other performance en-
hancements (e.g., throughput, battery life and EE), the cooperation of different RATs
is essential. Therefore, the coordination and cooperation problem between RATs has
been addressed by some studies and standards. In this regard, the IEEE standard
802.21, called MIH Services, defines an extensible media access independent mechanism
in order to enable the optimisation of handovers between heterogeneous IEEE 802.x
systems (such as WiMAX and WiFi) [45]. Moreover, it facilitates handovers between
IEEE 802.x systems and cellular systems. Similarly, the 3GPP standard ANDSF is de-
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veloped to facilitate intelligent network selection and vertical handover in a multi-RAT
environment. Further, the 3GPP specification TS 23.234 specifies the system descrip-
tion for interworking between 3GPP systems and WLANs [46]. Moreover, TS 23.327
also defines a technical solution with necessary enhancement of the 3GPP-WLAN In-
terworkin architecture in order to support mobility and roaming between I-WLAN
systems and 3GPP systems [47].
Apart from the above standards, there are many studies focus on the implementation
of such standards in the practical network. The studies in [48–50] presents solution
for practical implementation of the MIH service standard. In [48], the authors propose
and demonstrated an EMM entity with support for HetNet environments using the
IEEE802.21 framework. In addition, they show that the EMM in this framework can
be used to optimise the handover procedures by facilitating the exchange of messages
between multi technology devices and specific network entities. In [49] and [50], the
authors propose a general method of implementing the MIIS entity, as a crucial part
of a system which is fully capable of performing vertical handover according to IEEE
802.21 standard. Moreover, they present the general architecture of the component,
its functionality, some considerations on data formatting and a typical usage scenario
of the system. The above coordination and cooperation solutions mainly focus on the
integration of the core network to enable seamless multi-RAT operation. However,
to harvest full potential of a multi-RAT HetNet, close coordination at the RAN is
also essential. In this regard, recently, the studies in [51, 52] investigate and propose
network architectures to enable very tight coordinations at the RAN side of multi-
RAT HetNet. However, they introduce additional network entities that add extra cost
and complexity the network. Although, the aforementioned solutions can be enable
coordination at the core and RAN sides of the network, the additional cost of such
solution has to be considered carefully. For example, if such solutions can be utilised
to optimise the energy efficiency of the network, the additional energy cost of of such
cooperation mechanisms also need to be considered.
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2.5 Resource Management of Heterogeneous Networks
Another major challenge in HetNets is the resource management. Due to the complex
architecture of such networks, it is difficult to manage the resources of HetNets from
the network point of view. For example, the user deployed WiFi APs and femto-
cell BSs are deployed in an unplanned manner by end users in most cases, which
makes the centralised resource management a difficult task. The resource management
techniques such as RRM and CAC in homogeneous networks are very well studied in the
literature compared to the multi-RAT HetNets. In multi-RAT network environment,
these techniques referred to as JRRM [53] or CRRM [54], and JCAC [55], respectively.
The studies in [56–58] are focusing on the RRM in HetNet to improve the system
performance of the network. In [56], the authors propose a distributed joint resource
allocation algorithm to maximize total system capacity. Especially, they investigate
the advantages of multiple simultaneous transmissions by multiple RATs over a single
transmission by a single RAT, which can be interpreted as network diversity. However,
they assume centralised resource allocation for both RATs. This assumption is not valid
for cellular-WLAN HetNet, since the resources are randomly accessed in WLAN. In [58],
the authors investigate a max-min fairness based RRM strategy in the cellular-WLAN
HetNet to improve the system performance. Although, they consider rate adaptation
(i.e., the transmission rate is depend on the perceived SINR) for WLAN network,
they assume that the access technique of WiFi is similar to the TDMA. However, the
actual random access method of WiFi scheme is considerably different to the centralised
TDMA scheme.
The works in [59–62] aim to improve the load balancing in a multi-RAT HetNte through
resource management. In [59], the authors investigate a user-centric QoE based resource
allocation problem with heterogeneous network operators, user types, and classes of
services. A load balancing architecture is discussed in [61], and a load balancing al-
gorithm is proposed to improve the utilization of radio resources, and to reduce call
blocking probability. A load balancing scheme, based on fuzzy logic algorithm is pro-
posed in [60] for a 3G and WLAN HetNet, which focus on the utilization fairness. A
policy based resource management framework is presented in [62] for cellular-WLAN
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integrated network, which aims to improve the network utilization by dynamically bal-
ancing the offered traffic load via admission control and vertical handoff. However, all
of the aforementioned studies in [59–62] assume that the network capacity of cellular
and WLAN are fixed regardless of the channel condition and traffic type. In addition,
the data rate of users assumed to be fixed regardless of the traffic type (e.g., voice
or data), and thus the proposed load balancing schemes may not produce the same
result when considering adaptive data rates and network capacity that depends on the
channel quality.
The works in [63, 64] propose CAC approaches for a multi-RAT HetNet in order to
improve the system performance and balance the load of the network. In [63], the
authors propose a JCAC, and DBA scheme for a multi-RAT HetNet in order to improve
the system performance and balance the load of the network. They show that their
scheme can maximise the overall system utilization, while keeping the call blocking
and dropping rates at an acceptable low levels, and satisfying the QoS demands of the
diverse services. However, this work only focus on cellular based HetNet, particularly,
LTE and HSDPA networks. In [64], the authors propose a CAC scheme for LTE-WLAN
HetNet. In this work, they consider rate adaptation of LTE network by modelling the
system with multiple rings, where the user located at the closest ring to the BS require
less radio resources compared to the user located at the outer ring to achieve same data
rate. However, they only consider the rate adaptation for LTE network, and the WiFi
network assumed to have fixed capacity. Moreover, they only consider fixed data rate
for user traffic. In [65], the authors infer that by using CAC and overload prevention
at WLAN, off-loading algorithms can be implemented to achieve load balancing and
throughput maximisation, which improves the overall network performance of an LTE-
WLAN HetNet. To prevent the overloading of WLAN network, they introduce SNR
threshold for network association. It is mention that the choice of SNR threshold plays
a significant role in controlling throughput profile of the WLAN-connected users and
achieve user throughput fairness. However , the presented scheme is a heuristic scheme,
and has been evaluated through simulations only.
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2.6 Energy Consumption Models and Energy Efficiency
Metrics
The global mobile communication industry is growing rapidly, which is accompanied
by increased energy consumption of mobile networks. Thus, the objective of recent
studies moves towards EE rather than just SE, in order to reduce energy costs and
CO2 emissions [66]. In order to evaluate EE of any system, the energy consumption of
such system has to be evaluated as accurately as possible. Hence, in studies that focus
on network EE, it is essential to consider the total power consumption of the network.
Especially, for numerical and simulation evaluations, accurately modelling the energy
consumption is vital, since the viability of results obtained by such evaluations are
heavily depend on the power or energy consumption model used for the evaluation.
In this regard, power consumption models for different BS types in HetNet are analysed
in [67, 68]. In those studies, the power consumption models of macro, micro pico and
femto BSs are considered. In order to accurately model the power consumption of
BSs, the authors analyse the power consumption of sub components of the BS such as
PAs, RF transceivers, baseband processors, power converters (e.g., AC-DC and DC-
DC converters), and cooling systems. It has been shown that the relation between
the RF power output and the total power consumption of a BS is nearly linear, and
therefore, for studies which are not dealing with component development of BS, a
linear approximation of the power consumption model is sufficient [68]. Such linear
power consumption model can be expressed as follows:
P = P0 +ΔPt, (2.1)
where P represents the total power consumption of BS, P0 is the power consumed at
the BS regardless of the transmit power also referred to as “static” power consumption,
Pt is the transmit power of the BS, and Δ is the linear coefficient of transmit power.
The later part of the linear power consumption model (i.e., ΔPt) also referred to as
“dynamic” power consumption of the BS [66].
Due to the low complexity of a linearly approximated power consumption model, most
of the studies in literature that are looking into improve the EE of the network, adopt
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a linear power consumption model in their studies. When considering the power con-
sumption of different BS types, the dominant part of the power consumption moves
from dynamic to static, as the size of the BS changes from bigger to smaller, respec-
tively. For example, in a macro BS the dominant part of the power consumption is the
dynamic power consumption, whereas in a femto BS the dominant part is the static
power consumption [67].
Although, the linearly approximated power consumption model has an acceptable ac-
curacy, the values used for P0 and Δ must be as accurate as possible for each types of
BSs under consideration. Since these parameters define the characteristics of different
types BSs energy consumption, incorrect selections of these parameters will result in
an unfair comparison; especially, in multi-RAT environment. Moreover, apart from
the BSs there is another part of the network that is always associated with the access
network, is the backhaul links. Since each BS needs to have a backhaul link to commu-
nicate with the core network, the backhaul which is associated to the BS also has to be
considered as part of access network. Hence, the energy consumed by the backhaul link
has to be included in the evaluation of EE of network in order to get better accuracy
of the energy consumption of the wireless access networks.
In [69], the authors have evaluated the power consumption of different mobile access
networks, namely; WiMAX, HSDPA and LTE networks. In that study, they have in-
cluded the backhaul power consumption in their power consumption model, but they
have not considered the variation of the transmit power (i.e., dynamic power consump-
tion) and assumed that the transmit power is fixed. The power consumption models
discussed so far are obtained for cellular wireless communication systems. However, one
of the important candidate in multi-RAT HetNet is the IEEE 802.11 system, specifi-
cally, WiFi. Generally, it is difficult to model a simple power consumption model for
WiFi network, due to the complexity introduced by the IEEE 802.11 access protocol.
Specifically, in DCF mechanism of IEEE 802.11 access protocol, the packets or frames
are not continuously transmitted, and it is difficult to predict the transmission of frames
due to the random access nature of DCF. In [70] the authors try to measure the energy
consumption of WiFi devices and they conclude that energy consumption of an IEEE
802.11 wireless interface has a complex range of behaviours, and the energy consump-
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tion is not synonymous with bandwidth utilisation. In [71] the authors tried to model
the energy consumption of WiFi devices by modelling the system as Markov chain,
and assuming that each WiFi station faces a constant conditional collision probability.
However, this model is only valid for single PHY transmission rate.
Apart from the energy consumption models, the EE metric used to evaluate system
performance in order to improve the EE also plays an important role in such studies.
The most fundamental and widely used EE metric in literature for wireless commu-
nication is the bits-per-joule (bits/Joule) metric. This metric is simply expresses the
system wide EE of a considered network in terms of number of bits transmitted per
consumed unit energy. Due to the simplicity of this metric, it is easy to compute the
value of this metric as follows:
EE =
C
P
, (2.2)
where C is the system throughput, and P is the total power consumption. Note that the
individual ‘user throughput’ is defined as the number of information bits successfully
delivered to the user per unit time, and the ‘system throughput’ is defined as the sum
of the individual user throughputs in the system, which are measured in bits/s [72].
Thus, simply dividing the system throughput by total power consumption will result in
network EE in bits-per-joule value. However, in reality the power consumption and the
system throughput will vary over time, hence the simple division of system throughput
by consumed power will only show the instantaneous EE. In such cases, the integration
of throughput and consumed power over certain period of time T will provide total bits
transmitted and total energy consumption for that period of network operation. From
these values, more accurate estimation of the bits-per-joule metric can be obtained as
follows:
EE =
∫ T
0 C∫ T
0 P
. (2.3)
In addition, when considering the system throughput or the number of bits transmitted
over certain period of time, only the number of useful information bits have to be taken
into account. In many existing studies, the link level or physical layer throughput, which
is evaluated using fundamental information theory is considered as the throughput
to evaluate the EE of the considered system. This evaluation may be valid when
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comparison done over a single type of RAT, since the effect of other protocol layers
can be assumed same. However, when evaluating the EE of a multi-RAT system,
considering the physical layer throughput as system throughput would lead to an unfair
comparison between RATs. This is due to the fact that at least the physical and MAC
layers have different technical aspects in different RATs. In fact, mainly these two
particular layer techniques define the radio access methods in wireless communication
system, as a result there are different RATs in wireless communication. Moreover, each
RAT has its own type of control message overheads which cannot be considered as
useful information bits. Therefore, when measuring the throughput in a multi-RAT
environment it is important to consider the useful information bits that are delivered
at least above the MAC layer, in other words, the information bits that are delivered
to the IP layer has to be considered in order to evaluate the bits-per-joule metric.
Apart from the bits-per-joule metric, the other common energy efficiency metric used
in the literature is the bits-per-hertz-per-joule (bits/Hz/Joule), where it reflects the
achieved spectral efficiency (i.e., bits-per-second-per-hertz) per unit power consumption
(i.e., Watts), which is obtained as follows:
EE =
C
BP
, (2.4)
where B is the system bandwidth. In this metric, the unfairness due to different
bandwidth used by different systems is eliminated. From the information theory, it
is obvious that usage of higher bandwidth will have higher throughput for the same
transmit power. Therefore, evaluating the energy efficiency of different system by bits-
per-joule metric may result in an unfair comparison between systems, which are utilising
different bandwidths; especially, in a multi-RAT environment, since typically, different
RATs have different bandwidth usage.
In addition to the energy efficiency metrics, some times, the energy consumption metrics
are used in literature to compare the energy efficiency of some systems or solutions,
which are trying to improve the energy efficiency of wireless communications. The
simple difference between the EE and the energy consumption metrics is that they
are inversely related to each other (i.e., in energy consumption metric the better or
higher value means poor EE). However, in some cases evaluating the performance based
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on energy consumption metric makes more sense than energy efficiency metric. For
example, the “area power consumption” (some time referred to as area efficiency), which
is expressed in “Watts-per-square meter” (Wm−2) or “Watts-pre-square kilometre”
(Wkm−2), and “per user power consumption” expressed in “Watts-per-user” (W/user)
are some of such energy consumption metrics used to evaluate the performance of
wireless communication systems for EE [68,73]. The area power consumption and per
user power consumption can be obtained as follows:
EC =
P
A
, (2.5)
EC =
P
K
, (2.6)
respectively, where A is the total coverage area and K is the total number of users.
2.7 Energy Efficiency Aspect of Multi-RAT Heterogeneous
Networks
Recently, the potential of energy savings in multi-RAT HetNet has been identified by
the research community. However, in the recent past more attentions were given to
throughput enhancement, seamless mobility, and network load balancing in a multi-
RAT environment. When it is comes to EE in a multi-RAT HetNet, EE of the mo-
bile terminal has attracted more attentions, since it has limited source of energy, and
prolonging the battery life of mobile terminal has always been one of the important
considerations of many system design perspectives. However, there are some research
activities in the literature that are related to the EE of single-RAT HetNets from the
network point of view. EE of a network can be improved from two different perspec-
tives in a HetNet environment. One is efficient deployment (i.e., deployment strategy)
of the network form EE point of view. The other one is efficient network operation
(i.e., operation strategy), where the existing HetNet is efficiently operated considering
traffic demand variation, interference management and RRM. The related work in the
literature on these two strategies are discussed in the following subsections.
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2.7.1 Deployment Strategy
In [73], the authors investigate the impact of micro-cell deployment under the coverage
of macro-cell on the power consumption of the network with different cell loads. They
introduce the area power consumption metric, which is measured in watts-per-square
kilometre (W/km2) as the performance metric and they used linear power consumption
model to evaluate the energy consumption. In addition, they conclude that the energy
savings from the deployment of micro base stations are moderate in full load scenarios
and it is strongly depends on the circuit power consumption of the base stations, which
is independent from the transmit power. Further, they extended their work in [74]
and [75], where they show that during higher traffic demand, deploying micro BSs is
beneficial in terms of area EE. Similarly, in [76], the authors investigate the impact
of random micro-cell deployment with varying cell density on the EE of cellular radio
networks. They show that there is an optimal deployment density of micro-cells per
macro-cell at certain traffic demand in terms of network EE, which is evaluated in bit-
per-joule metric. In addition, they show that by deploying micro-cells, the macro-cells
transmit power can be reduced; hence, some energy savings can be obtained, since,
generally, macro-cells consume much more energy compared to micro-cells.
In [77], the authors investigate the EE of a two tier HetNet of macro and pico-cells for
a downlink scenario. In this work, they show that there exists an optimal pico-macro
density ratio that maximizes the overall EE of the considered network. Similarly,
in [78], the authors investigate the EE of HetNet, where pico-cells are deployed within
the coverage of macro-cell. In this work the authors evaluate the cell EE and area EE
in bits-per-joule and bits-per-joule-per-square kilometre metrics, respectively. They
show that in both cases, the network EE can be improved by deploying low power
pico BSs combined with reduction of macro BS transmission power. In a similar study
in [79], the authors show that up to 60% of energy can be saved by the deployment
of publicly accessible residential pico-cells overlaid with macro-cell coverage. However,
in that study, the power consumption of both macro and pico-cells are assumed to be
fixed irrespective of the transmit power.
The works presented in [80–83] consider a HetNet with femto-cell (i.e., home base
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station) deployment. In [80], the authors investigate the energy consumption and per-
formance of the cellular network with femto-cells for three different scenarios, such as
varying femto-cell penetration ratio, open access rate, and cell coverage extension. In
this work they conclude that the femto-cell deployment is greener. In [81], the au-
thors investigate the impact of interference from femto-cell deployment on the overall
system performance and EE of the network. From their observations, they conclude
that the deployment of femto-cell has significant EE on the network; however, there
is a trade-off between EE and system throughput in deploying femto-cells due to in-
creased interference caused by increased femto-cell deployment. However, in this study
they only consider the transmit power of the BSs (for both macro and femto),in order
to evaluate the EE. Considering the total power (including circuit power), can have
significant effect on the results obtained in this study.
The works presented in [82] and [83] are based on UMTS or WCDMA systems. In [82],
the authors investigate the power consumption of a macro-femto HetNet with QoS
constraints. In this study, in addition to the network power consumption they included
the power consumption of mobile terminals as well. Moreover, when they evaluate
the energy consumption, they include the embodied energy consumption, which is
defined as the total energy consumed for the making (i.e., manufacturing) of a product.
However, they assumed that the operational power consumption of each network entity
is fixed. From their results, they conclude that there is an optimal femto-cell deployment
ratio, which is able to provide a high QoS performance, while significantly reduce the
power consumption. In [83], the authors investigate the potential energy savings when
deploying femto-cells along with macro base stations in WCDMA network. They used
energy consumption-per-square kilometre as performance metric to compare the results.
From the results obtained for the considered network, they show that there is a potential
for energy savings by femto-cell deployment in existing networks through cell breathing
and switching off some macro BS, in a dense macro BS deployment areas.
So far the works discussed in this subsection mostly related to HetNets with single
access technology (i.e., single-RAT HetNets). However, these works can be extended to
multi-RAT HetNet by considering appropriate technological aspects of different RATs.
In [84], the authors investigate the energy consumption of single and dual RAT cellular
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networks through numerical evaluations, and they consider a homogeneous network
system (i.e., macro-cells only), where the BS has single or dual RAT capability. From
this study, they show that dual RAT systems perform better than single RAT ones,
in terms of network EE. The main advantages come from the power consumption of
common components in a dual RAT BS (e.g., power consumed for cooling systems),
and the addition of extra bandwidth with different carrier frequencies provide increased
resources without introducing interference in the network.
2.7.2 Operation Strategy
Apart from optimal deployment of the network for EE, another way of improving the
EE of already deployed network is efficient operation of the network (i.e., operational
strategies). In operational strategies, the network is efficiently operated through tech-
niques such as RRM and sleep mode operations, considering interference and traffic
demand variation over time. This is due to the fact that in most cases, the deployment
of networks usually aims to handle the peak traffic demand to satisfy the required QoS
of the users. However, most of the time the network will be under-utilised. There are
many studies focusing on the issue of under-utilisation of networks in order to reduce
the network energy consumption. Among these studies, some notable works are dis-
cussed in this subsection that are related to HetNet environment from the perspective
of network EE.
In [85], the authors propose an energy efficient RRM technique, which addresses the
interference caused by the dense deployment of femto-cells in a LTE-based HetNet, and
they claim that their solution improves the EE of the network. In [86], the authors
propose a TDD underlay concept, where the femto-cells operates in TDD mode while
macro-cell operates in FDD mode, in order to improve the performance of the indoor
femto-cell networks by reducing the interference from simultaneous transmissions. They
show that the TDD underlay approach substantially reduces the interference levels
experienced by the femto-cell network, as a result, improved EE.
The works presented in [87] and [88] show that the mass deployment of femto-cell in the
future can waste energy due to the under-utilisation of networks. Therefore, to mitigate
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this issue they propose an idle or sleep mode operation for femto-cells in order to reduce
the power consumption, when they are not serving any users. In [87], the authors
demonstrate their approach with WiFi APs, and conclude that there is a significant
potential to save energy in such multi-RAT scenario. In [88], the authors propose
an idle mode operation of femto-cells, which enables switching off the unnecessary
hardware components when the femto-cells are not involved in an active call. Their
results show that on average, approximately, 37.5% reduction of energy consumption
can be achieved by employing the proposed idle mode operation into the femto-cells.
In [89], the authors propose an adaptive, context-aware, and technology-comprehensive
system architecture for power management in modern radio networks in order to reduce
the energy consumption in a multi-RAT HetNet environment. Their approach is to
adaptively switch off or put into sleep mode some of the selected network elements, when
the network is under-utilised, while maintaining the coverage and capacity requirement
at an expected QoS level. In order to realise such management function in a multi-RAT
HetNet, they propose a context management architecture, where information regarding
network status in each different RATs are gathered and processed to make such adaptive
network operation decision in order to reduce the energy consumption of the network.
2.8 Summary
This chapter summarises the literature that focus on multi-RAT HetNets. Firstly, some
major challenges and the solutions available in the literature are outlined. Especially,
the challenges related to network selection and vertical handovers, coordination and
cooperation of different RATs, and combined radio resource management are discussed,
together with the solutions available to overcome these challenges. Subsequently, EE
aspect of multi-RAT HetNet was investigated, including commonly used EE metrics and
state of the art power consumption models. Especially, the deployment strategies and
operation strategies that aim to improve the EE of multi-RAT HetNet are discussed.
Chapter 3
A Novel Load Balancing Scheme for
Cellular-WLAN Heterogeneous Networks
with Cell Breathing Technique
This chapter proposes a novel load balancing scheme for an operator deployed cellular-
WLAN HetNet, where the user association is controlled by employing cell breathing
technique for the WLAN network (i.e., the coverage of the WiFi APs are optimally
adjusted to achieve desired load balancing between cellular and WLAN). The chapter
firstly provides the background of the proposed scheme, which explains the motivation
behind this scheme. Subsequently, the considered system model is explained in detail,
including the user association schemes and the user throughput models. Hereafter,
formulation of the optimisation problem is given followed by a practical suboptimal
heuristic algorithm. Finally, performance of the proposed scheme is evaluated and
compared with mainstream schemes in terms of system throughput, user fairness and
load distribution between cellular and WLAN networks. The main contribution of this
chapter is the proposed load balancing scheme together with the low complex heuristic
algorithm, which is reported in [90].
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3.1 Background
As discussed in the previous chapters, off-loading the mobile traffic from cellular com-
munication systems to WLAN become increasingly popular amongst the cellular net-
work operators as a cost effective solution for the increasing traffic demand. However,
it has always been a challenge to effectively off-load the cellular traffic to WLAN due
to the technological and architectural difference of cellular and WLAN networks. One
of the major challenges is the optimal selection of the serving network [13]. Thus, in or-
der to facilitate efficient network selection in a cellular-WLAN HetNet, standardisation
bodies such as 3GPP and IEEE developed some standard (e.g., ANDSF, MIH) [15,16].
Although the standards facilitate a framework for intelligent network selection, they do
not specify how the network selection decision should be made. The decision making
is left to the mobile devices. However, in general, network related policies are not con-
sidered by most of the devices. The devices make the network selection decision based
on their local knowledge and the user preference. For instance, in the mainstream net-
work selection scheme known as WLAN-first, the UE always tries to connect to WiFi,
if there is a WiFi coverage available, regardless of the status of the WiFi network [17].
This kind of simple scheme can be beneficial for legacy cellular networks (e.g., 2G and
3G networks), which have relatively low system capacity compared to WiFi. However,
the capacity of latest cellular network (e.g., LTE) is relatively higher and more efficient
in terms of the spectral-efficiency (SE). Therefore, off-loading all data traffic to WiFi
in the dual coverage area may not always be advantageous; especially, when the user
density is much higher under the WiFi coverage (e.g., shopping malls, airports, etc).
In order to overcome the shortcoming of mainstream WLAN-first scheme, some load
balancing schemes have been proposed in literature [60–62]. In these schemes, the traffic
is distributed among the available networks, based on different network conditions and
objectives. A load balancing scheme, based on fuzzy logic algorithm is proposed in [60]
for a 3G and WLAN HetNet, which focus on the utilization fairness. In [61], the
authors propose a load balancing algorithm to improve network utilization and call
blocking probability. A policy based resource management framework is presented
in [62] for cellular-WLAN integrated network, which improves the network utilization
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by dynamically balancing the offered traffic load via admission control and vertical
handoff.
However, the aforementioned load balancing schemes are mostly user-centric. Although,
such distributed user-centric schemes can be advantageous for uncoordinated cellular-
WLAN HetNet, they impose additional complexity to the limited hardware resources on
user terminals. In addition, such schemes add more signalling overhead to the network
and the scared wireless link, in order to enable distributed decision making process.
However, in a coordinated (i.e., an operator-deployed) cellular-WLAN HetNet, it is
beneficial to balance the network load in a centralised network-centric scheme. This
is due to the fact that the up-to-date network and user related information can be
efficiently gathered within the network without overloading the scared wireless link. In
addition, the network-centric approach alleviates complex decision making process on
the UE, which have much less hardware resources compared to the network equipment
(NE). Therefore, in this chapter, we propose a novel load balancing scheme, where the
user association is controlled by dynamically changing the coverage of the WiFi access
points (APs), which is referred to as cell breathing [91].
Cell breathing is a well-known concept in previous generations of cellular network tech-
nologies (e.g., 2G and 3G), especially CDMA based technologies. It is defined as the
constant change in the geographical area covered by the cell tower. The heavily loaded
cells shrink their coverage area, whereas the lightly loaded cells expand their cover-
age area to attract clients previously associated with the heavily loaded cells. As a
result, the overall system is load balanced [91]. In [91], the authors apply cell breath-
ing to balance the load between WiFi APs. In contrast, we apply the cell breathing
technique to balance the load between cellular and WLAN networks in an operator
deployed cellular-WLAN HenNet. The major benefit of using cell breathing is that the
users can simply associate to the available strongest WiFi AP similar to the traditional
WLAN-first scheme, without making any complex network selection decisions. Thus,
this scheme does not require any change to the UE’s operation (no software or hard-
ware upgrade required), and no need for any coordination and/or signaling between
UEs and network. As a result, this scheme can be easily implemented in an existing
cellular-WLAN HetNet.
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3.2 System Model
Figure 3.1: Considered system model
This section, fist, discusses the considered cellular-WLAN HetNet system and assump-
tions in detail; then the the considered user association method and the user throughput
estimation model are provided, respectively. Figure 3.1 depicts the considered system
model. The main assumptions are as follows:
Network architecture
A cellular-WLAN HetNet that comprises of OFDM based cellular macro-cells overlaid
with the coverage of multiple WiFi APs per macro-cell. The macro base stations (BSs)
are deployed in a hexagonal grid with a fixed inter site distance (ISD) of D. The WiFi
APs are randomly deployed with the average density of λa APs per macro-cell. It is
assumed that the WiFi APs are deployed in hot-spot zones where the user density is
usually higher than other area (i.e., cellular only coverage area). Hence, the users in
the considered system are categorised in two categories: one is hot-spot users who have
both cellular and WiFi coverage; and the other one is non-hot-spot users who have only
cellular coverage.
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User Distribution
The users are considered to be randomly deployed with the total density of λu per
macro-cell, with the ratio of hot-spot users to non-hot-spot users being α. This scenario
coincides with the evaluation scenario 2a of 3GPP specification TR 36.872 [92].
Traffic Model
According to Ericsson Mobility Report [93], by the end of 2016 mobile data traffic
accounts for more than 95% of total mobile traffic (voice + data). The data traffic
grew around 50% year-on-year from 2011 to 2016, and it is expected to grow around
the same rate in the future. At the same time, the growth of voice traffic was almost
flat during the same period, and expected to be same in the future. In addition, most of
the mobile data traffic is best-effort traffic such as video, audio, social networking, web
browsing, software download, and file sharing. Only a small fraction of data traffic is
real-time (e.g., VoIP). Thus, in our work we only consider best-effort data traffic, some
times referred to as saturated or full-buffer traffic. We consider a downlink scenario,
where each user downloads data from its serving cell (i.e., BS or AP) at a maximum
achievable data-rate.
Resource Allocation in Cellular System
The system bandwidth is allocated according to the underlying resource allocation
scheme (i.e., according to the outcome of optimisation process).
Resource Allocation in WiFi System
It is assumed that the WiFi operates under the default random access scheme, called
Distributed Coordination Function (DCF). Hence, it is safe to assume that for a suffi-
ciently longtime of operation, each user will have equal opportunity to transmit/receive
a data frames [94]. Considering that the frame size is fixed (in terms of number of bits),
all users who have associated to the same WiFi AP will have same throughput since
they all receive equal number of frames in a unit time period [95].
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3.2.1 User Association
Here, first, the notations that used for the following analysis are introduced. C =
{1, ......,M} and A = {1, ......, N} denote the set of cellular macro-cells and WiFi APs
in the considered coverage area, respectively. Thus, in the considered system, there is a
total number of (M+N) Point of Attachments (POAs) (i.e., BS or AP), which refers to
both macro-cells and the WiFi access points. The index i is used to identify each of these
POAs. To this end, i = 1, ...,M are used for macro-cells, while i = M + 1, ...,M +N
points to the WiFi access points. U = {1, ......,K} denotes the set of users within the
considered coverage area. It is considered that a user is associated to a single POA at
a time (also referred to as unique association). A binary variable xi,k indicates the user
association; such that xi,k = 1 when the user k is associated with POA i, otherwise
xi,k = 0.
The user association is similar to the mainstream association scheme for cellular-WLAN
HetNet, called WLAN-first. In WLAN-first scheme, the users always select the WiFi
whenever the WiFi coverage is available [17]. However, here the association region of
a WiFi AP can be controlled by cell breathing. In contrast to the cell breathing in
cellular network, where the total transmit power is adjusted, in WiFi cell breathing
can be archived by only adjusting the beacon signal power of the AP, without reducing
the transmit power of the traffic signal [96]. Changing only the beacon power allows to
control the number of users associated with an AP, without suffering degraded signal
quality of data frames. This is possible in OFDM based IEEE 802.11 systems, since
the beacon packets only affects how UEs associate with APs and does not affect the
channel estimation [91]. In the OFDM based packet structure of IEEE 802.11 system,
each packet consists of preamble including short training symbols and long training
symbols. The short training symbols located at the beginning of every packet are
used for coarse synchronization. The follow-up long training symbols are used for fine
synchronization and channel estimation [97]. The g Figure 3.1 show the example of a
congested WiFi AP with cell breathing to limit the number of associated users.
The following analysis describe the above user association for the considered system
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model. Let P ri,k represents the received power of user k from POA i, which is given as
P ri,k = P
t
i gi,k, (3.1)
where P ti is the transmit power of POA i and gi,k is the channel power gain from the
POA i to user k, which is given by
gi,k = L0
(
di,k
d0
)−θi
, (3.2)
where L0 is the path loss at the reference distance d0, θi is the pathloss exponent,
and di,k is the distance from POA i to user k. The reference path loss L0 is typically
considered as a free space path loss at unit distance; hence,
L0 =
(
W
4π
)2
, (3.3)
where W is the wavelength of the signal. The above channel model is a simple yet
sufficient tool to characterise the multi-RAT system without the complexity of small-
scale power fluctuations caused by shadowing and fast fading, thus leading to simpler
analysis [51]. By considering long term average of channel condition, the consideration
of the short term fading effects can be omitted; however, they can be taken into account
by introducing an appropriate fading margin or an additional random variable directly
into the channel power gain function. Thus, the POA of user k is
POAk =

arg max
i:i∈A
yiP
r
i,k, if max (yiP
r
i,k) ≥ P rth ∀i ∈ A,
arg max
i:i∈C
P ri,k, otherwise,
(3.4)
where yi (≤ 1) is a scaler that is used to reduce the beacon power of AP i. P rth is the
minimum required received power threshold (i.e., receiver sensitivity) to successfully
establish the connection with a WiFi AP.
3.2.2 User Throughput
Since the radio resource allocation policy amongst the attached users in cellular and
WiFi is different (i.e., centralized scheduled resource allocation in cellular macro-cell,
while the resources are randomly accessed in WiFi), the user achieved throughput model
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for cellular and WiFi will be different. Thus, in this section, first, the user throughput
model of a user associated with a cellular BS is given, followed by the user throughput
model of WiFi user.
From this point, for the sake of clarity, instead of using generic index (i.e., index i) to
represent both BS and AP, we use different indexes for BS and AP, where index j is
used for BS and index jˆ is used for AP. For the analysis that follows, let γj,k represents
the perceived SINR of the user k associated with the BS j ∈ C, which is given by
γj,k =
P rj,k
Ij,k + σ
2
j,k
, (3.5)
where P rj,k is the received power of user k from BS j, which is obtained from (3.1),
where j = i ∀i ∈ C. Ij,k is the total interference power and σ2j,k is the noise power.
Considering frequency reuse of one for the macro-cells, the interference power will be
Ij,k =
∑
l∈C\j
P rl,k. (3.6)
Note that here the interference is only considered from the neighbouring macro-cells, not
within the macro-cell, since it is assumed that the resources are orthogonally allocated
amongst the associated users within the macro-cell. In addition, typically, different
RATs utilise orthogonal carrier frequency. Specifically, cellular and WiFi utilise differ-
ent carrier frequency. Hence, there is no interference between cellular and WiFi. Let
bj,k is the portion of the bandwidth allocated to the user k from the system bandwidth
Bj of macro-cell j. Thus, the noise power will be
σ2j,k = bj,kBjN0, (3.7)
where N0 is the noise power spectral density. Thus, the throughput of user k associated
with the macro-cell j will be
cj,k = η
b
macbi,kBi log2(1 +
γi,k
ηbphy
), (3.8)
where ηbphy is the system efficiency of cellular network, which is determined by the
efficiency of the practical modulation and coding scheme used in the PHY layer, and
ηbmac reflects the system efficiency at MAC layer due to the signaling overheads.
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In contrast to the cellular network, the radio channel is randomly accessed in WiFi
network. This random access method is called Distributed Coordination Function
(DCF). A detailed theoretical analysis of DCF mechanism is given in [94]. However, in
[94], only single physical layer (PHY) transmission rate is considered. The performance
analysis of multi-rate WiFi is carried out in [98] and [99]. In these works, it has been
shown that under the DCF mechanism, the throughput of all users attached to the
same WiFi AP will be equal and lower than the PHY rate of the lowest rete user.
This is referred to as Performance anomaly. The reason for this performance anomaly
is that the underlying CSMA/CA mechanism of WiFi, which guarantees equal long
term channel access probability for all users [98]. Hence, the WiFi is classified as the
throughput fair access network in [95]. Although the users attached to the same AP
achieve same throughput, different user combinations (i.e., number of users attached to
the AP and their channel conditions) result in distinct throughput values [95]. Hence,
the users associated with different WiFi AP may have different throughput. Thus,
in this chapter, it is considered that within an AP coverage, the channel is randomly
accessed with equal opportunity, and there is no interference amongst the users attached
to the same AP. However, similar to the cellular system, the interference is always
presence from the neighbouring APs since they utilise same frequency spectrum. Hence,
similar to the cellular system, the perceived SINR of a user k associated with the WiFi
AP jˆ ∈ A, can be obtained by
γjˆ,k =
P r
jˆ,k
Ijˆ,k + σ
2
jˆ,k
, (3.9)
where P r
jˆ,k
is the received power of user k from AP jˆ, which is obtained from (3.1),
where jˆ = i−M ∀i ∈ A. σ2
jˆ,k
is the noise power and Ijˆ,k is the total interference power,
which is given by
Ijˆ,k =
∑
lˆ∈A\jˆ
P r
lˆ,k
. (3.10)
However, in contrast to the cellular system, the whole bandwidth is dedicated to a
single user at a given time instant. Thus, the instantaneous noise power will be
σ2
jˆk
= BjˆN0, (3.11)
where Bjˆ is the system bandwidth of WiFi AP jˆ. Thus, the instantaneous achievable
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rate of the user k associated with the WiFi AP jˆ during the reception of the data frame
is given by
βjˆ,k = η
a
macBjˆ log2(1 +
γjˆ,k
ηaphy
), (3.12)
where ηaphy is the PHY layer efficiency of WiFi system, which is determined by the
efficiency of the practical modulation and coding scheme, and ηamac reflects the system
efficiency at MAC layer of WiFi network due to the DCF access mechanism. Let L be
the frame length in bits; hence, the time duration of the user k to receive a frame from
AP jˆ is
τjˆ,k =
L
βjˆ,k
. (3.13)
Thus, the total throughput of WiFi AP jˆ will be
cjˆ =
∑
k∈U
xjˆ,kL∑
k∈U
xjˆ,kτjˆ,k
=
∑
k∈U
xjˆ,k∑
k∈U
xjˆ,k
βjˆ,k
,
(3.14)
where xj,k is the binary association indicator, which is given by
xj,k =

1, if POAk = j,
0, otherwise.
(3.15)
Hence, the throughput of a user k associated with the AP jˆ is
cjˆ,k =
1∑
k∈U
xjˆ,k
βjˆ,k
. (3.16)
Therefore, the general expression of throughput of user k will be
ck =

xi,kη
b
macbi,kBi log2(1 +
γi,k
ηbphy
), if i ∈ C,
xi,kη
a
macBi∑
k∈U
xi,k
log2(1 +
γi,k
ηaphy
)
, if i ∈ A,
(3.17)
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3.3 Problem Formulation
Considering a utility function perspective, it is assumed that user k obtains utility
Uk(ck) when the user throughput is ck, where Uk(.) is a utility function. Note that
the user throughput ck is depends on two main controllable variables in the considered
system; one is associated POA (i.e., BS or AP), which can be controlled by adjusting
the power reduction factor y, and the second one is the allocated fraction of bandwidth
b for UEs that are associated to the BS. Thus, the general optimisation problem that
maximises the aggregated utility, which involves jointly finding the optimal power re-
duction factor yi for WiFi AP i ∈ A and bandwidth allocation factor bi,k for each user
k associated with cellular BS i ∈ C is formulated as follows:
max
y,b
∑
k∈U
Uk(ck), (3.18)
s.t.
∑
i∈A∪C
xi,k = 1, ∀k ∈ U , (3.18a)
∑
k∈U
bi,k ≤ 1, ∀i ∈ C, (3.18b)
0 < yi ≤ 1, ∀i ∈ A, (3.18c)
where the constraint (3.18a) represents unique association (i.e., a UE is associated to
only one POA). The constraint (3.18b) ensures that the bandwidth allocation at BS
does not exceeds the available bandwidth, and the constraint (3.18c) ensures that the
beacon power of the AP is above zero and does not exceeds the maximum transmit
power of the AP. Using a linear utility function for the above optimisation problem
results in a trivial solution, where each AP only serve a single user who have the
strongest channel condition and the BS allocates all the resources to the single user with
the best channel condition. Although, this results in the optimal system throughput,
this is not a desirable solution due to very low fairness among the user throughput (i.e.,
most of the users will have zero throughput), and unbalanced load distribution between
WiFi APs and the cellular BS.
Instead of using linear utility function, we seek a utility function that naturally achieves
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load balancing, and some level of fairness among the users. This can be achieved by
using a logarithmic utility function. Hence, the utility function will be
Uk(ck) = log(ck), (3.19)
which is concave, and hence has diminishing returns. This property encourages load
balancing. This is consistent with the resource allocation philosophy in real systems
(e.g., proportional-fair), where allocating more resources for a well-served user is con-
sidered low priority, whereas providing more resources to users with low rates (e.g., in
the linear region of the logarithmic function) is considered desirable [100]. In addition,
it has been proved that the optimal bandwidth allocation for logarithmic utility is equal
bandwidth allocation [100]. Thus, the logarithmic utility function reduces the complex-
ity of the optimisation problem by eliminating the need for finding optimal bandwidth
allocation. Hence, the user throughput with equal bandwidth allocation will be
ck =

xi,kη
b
macBi log2(1 +
γi,k
ηbphy
)∑
k∈U
xi,k
, if i ∈ C,
xi,kη
a
macBi∑
k∈U
xi,k
log2(1 +
γi,k
ηaphy
)
, if i ∈ A.
(3.20)
As a result, the user throughput ck is now only depends on one controllable variable,
which is the associated POA that is controlled by adjusting the power reduction factor y.
Thus, the optimisation problem is reduced to only finding the optimal power reduction
factor yi for WiFi AP i ∈ A. Hence the new optimisation problem is
max
y
∑
k∈U
Uk(ck) =
∑
k∈U
log(ck), (3.21)
s.t.
∑
i∈A∪C
xi,k = 1, ∀ k ∈ U (3.21a)
0 < yi ≤ 1, ∀ i ∈ A, (3.21b)
where the constraints (3.21a) and (3.21b) are same as the above constraints (3.18a)
and (3.18c), respectively.
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3.4 Sub-optimal Heuristic Approach
The problem in the above section is combinatorial due to the binary variable xi,k (i.e.,
unique association). Thus, the complexity of brute force algorithm to to find the optimal
solution y is O((ymax/δ)N ) where ymax is the maximum power reduction factor and
δ is the step size of power reduction per iteration. Since the complexity of the above
algorithm increases exponentially with respect to the number of APs per BS, it may
limit the scalability of the network. Therefore, in order to reduce the complexity of
the above problem, a heuristic algorithm is proposed in this section, where the power
reduction is carried out to all APs at each iteration based on a weighted approximation.
Typically, the optimal power reduction factor is influenced by two main factors: one
is the AP location relative to BS; and the second one is the current load of the AP
relative to the BS load (i.e., ratio of users attached to the AP and the BS). Thus, two
waiting factors are defined as follows:
wd
jˆ
:= c1dj,jˆ + c2, (3.22)
wl
jˆ
(t) := c3
∑
k∈U
xi,k(t− 1)∑
k∈U
xj,k(t− 1)
, (3.23)
where wd
jˆ
and wl
jˆ
represent the weights associated to the AP location relative to BS
location and the current load of the AP relative to the BS load, respectively. j ∈ C
is the corresponding macro BS of AP jˆ ∈ A, and dj,jˆ is the distance of AP jˆ from
BS j. c1, c2 and c3 are some constants, and t is the iteration number. Note that the
parameter wd
jˆ
will be constant since it only depends on the distance of the AP from the
BS, which is a constant, considering that the location of AP and BS will not change
after deployment. However, wl
jˆ
will vary based on the current load depending on the
applied power reduction to the AP. Hence, it can change for every iteration t. Thus,
in the proposed heuristic algorithm, the power reduction factor will be incremented for
all APs jˆ ∈ A for each iteration t as follows:
yjˆ(t) = yjˆ(t− 1) + {Ψdwdjˆ +Ψlwljˆ(t− 1)}δ, (3.24)
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where Ψd and Ψl are some weighting constants that are used to adjust the importance
of wd
jˆ
and wl
jˆ
according to their influence over the optimal power reduction factor; such
that Ψd +Ψl = 1. The proposed heuristic algorithm is given in Algorithm 1.
Algorithm 1 Proposed Heuristic Algorithm
1: Input: Channel state information (CSI) of all UEs (i.e., perceived SINR of all UEs
from all POAs).
2: Initialise the iteration number t = 0
3: Initialise the power reduction factor yjˆ(t) = 0, ∀ jˆ ∈ A
4: Set power reduction factor incremental step size δ
5: Compute wd
jˆ
, ∀ jˆ ∈ A by (3.22)
6: Set a termination flag TermFlag = FALSE
7: Obtain xi,k ∀k ∈ U from (3.4) and (3.15)
8: Compute utility U(t) =
∑
k∈U
log(ck) by (3.20)
9: do
10: {
11: t = t+ 1
12: Compute wl
jˆ
(t), ∀ jˆ ∈ A by (3.23)
13: Update yjˆ(t), ∀ jˆ ∈ A by (3.24)
14: Obtain xi,k ∀k ∈ U from (3.4) and (3.15)
15: Compute utility U(t) =
∑
k∈U
log(ck) by (3.20)
16: if max{yjˆ(t)} > ymax then
17: TermFlag = TRUE
18: end if
19: }
20: while (TermFlag);
21: t∗ = argmax
t
U(t)
22: Output yjˆ(t
∗) ∀ jˆ ∈ A
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3.5 Performance Evaluation
In this section, performance of the proposed scheme is evaluated, and the results are
analysed and compared with the benchmark scheme WLAN-first. The performance are
evaluated through multiple random simulations and the results are averaged over the
random iterations. Three performance metrics are analysed, namely; system through-
put, user fairness, and load distribution between the cellular and WLAN, which reflect
the system performance, fairness among the users, and load balancing in the network,
respectively. Moreover, three different scenarios are considered. In the first scenario,
the user density λu is varied from 50 to 250 users per BS with a fixed AP density of
3 APs per BS (i.e., λa = 3) and a fixed hot-spot user ratio of 10 (i.e., α = 10). In
the second scenario, the user density and AP density are fixed such that λu = 100 and
λa = 3, but the hot-spot user ratio α is varied from 2.5 to 25. Finally, in the third
scenario, the user density and the hot-spot user ratio are fixed such that λu = 100 and
α = 10, but the WiFi AP density λa is varied from 1 to 5.
For the system efficiency parameters of cellular network ηbmac and η
b
phy, the values of 0.75
and 1.25 dB are used (same as the bandwidth and SINR efficiencies of AWGN channel
as given in [101]), respectively. For the WiFi network, the value of ηaphy is considered
to be equal to ηbphy, since WiFi also have OFDM PHY. However, the value of η
a
mac is
considered to be much lower than ηbmac due the high overheads of CSMA/CA and DCF
mechanisms of WiFi [98]. In [102], it has been observed that the achieved throughput
of an 802.11g WiFi AP is nearly 50% lower compared to the given transmission rate.
Therefore, the value of ηamac is considered as 0.5. All other system parameter settings
for this simulations are listed in Table 3.1. In addition, the complexity of the proposed
heuristic algorithm is analysed and compared with the complexity of optimal algorithm
given in (3.21).
3.5.1 System Throughput
Figures 3.2, 3.3, and 3.4 show the system performance in terms of system throughput
against varying user density λu, hot-spot user ratio α, and AP density λa, respectively.
In these figures, the considered network selection schemes are denoted as follows: the
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Table 3.1: System Parameter Settings
Parameter Notation Value
Macro BS ISD D 1000 m
AP density per BS λa Variable (1-5)
User density per BS λu Variable (50-250)
Hot-spot user ratio α Variable (2.5-25)
Cellular carrier wave length W b 0.150m (2GHz)
WiFi carrier wave length W a 0.125m (2.4GHz)
Path loss exponent θi(∀i ∈ C ∪ A) 3.5
Cellular carrier bandwidth Bj(∀j ∈ C) 10 MHz
WiFi carrier bandwidth Bjˆ(∀jˆ ∈ A) 10 MHz
Noise power spectral density N0 -174 dBm/Hz
BS transmit power P tj (∀j ∈ C) 46 dBm
AP transmit power P t
jˆ
(∀jˆ ∈ A) 23 dBm
WiFi receiver sensitivity P rth -100 dBm
optimal system throughput scheme in (3.18) is denoted as “Opt-SysTP”; the optimal
log utility scheme in (3.21) is denoted as “Opt-Util”; the proposed heuristic scheme
in Algorithm 1 is denoted as “Heu-Alg”; and the benchmark WLAN-first scheme is
denoted as “WLNA-first”, respectively.
In Figure 3.2, it can be observed that the system throughput is almost fixed for the
Opt-Util, Heu-Alg and WLAN-First schemes, regardless of the number of users in the
system. This is due to the fact that the considered traffic model is full-buffer (i.e., each
users will download the data at maximum achievable rate), and the average channel
gain between the BS/AP and the attached users does not varies with increased number
of users. Hence, the throughput of BSs and APs remains almost constant. However,
per user throughput will decrease with increased number of users. On the other hand,
system throughput of the Opt-SysTP scheme increases as the number of user increases
at the beginning and then it saturates to a fixed value. This is due to the fact that
in this scheme, only few number of users with better channel conditions are served
by the network in order to maximise the system throughput, and increased number
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Figure 3.2: System throughput vs. Number of users
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Figure 3.3: System throughput vs. Hot-spot user density ratio
of users increase the spacial diversity of users, which provide better channel condition
for some users. Figure 3.2 clearly demonstrates the inefficiency of mainstream WLAN-
first scheme in terms of system throughput. This is due to the fact that in WLAN-first
scheme, all users under WiFi coverage will be served by the WiFi AP. In addition, WiFi
AP will be highly congested due to high user density in the hot-spot area. This leads
to unbalanced load distribution between BS and APs, where the WiFi AP are highly
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Figure 3.4: System throughput vs. Number of WiFi AP per BS
loaded while the cellular BS is not fully utilized. The performance of Opt-SysTP is
superior as expected. However, it significantly lacks in terms of user fairness, as shown
later later in this section. The performance of the Opt-Util and the Heu-Alg fall between
the two extremes (i.e., upper and lower) of Opt-SysTP and WLAN-First, since both of
these schemes try to maximise the system throughput while attaining certain level of
fairness among the users. In addition, it can be observed that the performance of the
proposed heuristic scheme is almost identical to the optimal log utility scheme, which
is achieved with much less complexity as explained later in this section.
Figure 3.3 shows that the system throughput of WLAN-first scheme does not have
much changes against the increased hot-spot user density ratio. In the other three
schemes, there is a slight improvement at the beginning and then it tends to saturate.
In addition, it can be observed that the performance of Opt-Util and the Heu-Alg is
equal to the performance of WLAN-first at low hot-spot user density ratio. This is
due to the fact that at low hot-spot user ratio, the number of users under the WiFi
coverage will be very low due to relatively very small coverage of WiFi AP compared
to the cellular BS. Hence, serving all the users within the coverage of WiFi AP will be
the best option for the considered utility optimisation. In contrast to the Figures 3.2
and 3.3, in Figure 3.4, it can be seen that the system performance in terms of system
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throughput continue to increase as the number of WiFi AP per BS increases. This is
due to the fact that the increased number of APs introduce additional resources into the
system, hence the overall system performance increases in all schemes. However, similar
to the other scenarios, in this scenario also the WLAN-First scheme demonstrates worst
performance while the Opt-SysTP demonstrates the best, and the performance of the
Opt-Util and Heu-Alg fall between those two schemes.
3.5.2 Fairness of User Throughput
The fairness among the users is evaluated with two different metrics; one is the fifth
percentile user throughput; and the other one is the GINI coefficient of user throughput.
The fifth percentile user throughput is defined as the throughput which 95% of the
user population receives a throughput greater than this value [103]. It is assumed that
in a fairer system the fifth percentile throughput will be higher, although the total
system throughput might be low. This is due to the fact that in a fairer system the
available resources will be fairly shared among the users in order to make sure that
most of the users will have reasonable throughput. This might lead to more resources
being allocated to a user with poor channel condition than a user with better channel
condition. As a result the total system throughput might be lower. On the other hand,
a system that allocates more resources to a user with better channel condition, might
result in a higher system throughput. However, a user with poor channel condition will
suffer significant throughput degradation as a result of both poor channel condition
and less allocated resources, which will result in lower fifth percentile throughput of
the system. Figures 3.5 shows a CDF plot of user throughput with default system
parameters (i.e., λu = 100, λa = 3, and α = 10). As it can be seen in this figure,
the fifth percentile user throughput of Opt-SysTP is much lower, and it is highest for
WLAN-First, which demonstrates that Opt-SysTP is an unfair scheme while WLAN-
First is a fairer scheme. In the following figures, we plot the fifth percentile user
throughput against varying λu, λa, and α to investigate the fairness of the proposed
scheme.
In addition, we measure the fairness utilising a general purpose fairness index called
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Figure 3.5: CDF of user’s throughput with default system parameters (i.e., λu = 100,
λa = 3, and α = 10).
‘GINI coefficient’, which has been frequently used to measure fairness of different re-
source allocation schemes [104]. The GINI coefficient is obtained from the following
formula [104],
GINI =
∑
k∈U
∑
l∈U
|ck − cl|
2λu
∑
k∈U
ck
. (3.25)
Note that the maximum value of GINI coefficient is 1 while the minimum value is 0. In
a totally fair system, where all users have same throughput, the GINI coefficient will
be 0. On the other hand, in a totally unfair system, where only one user has all the
resources and thus all other users have zero throughput, the GINI coefficient will be 1.
Figures 3.6, 3.7, and 3.8 show the system performance in terms of fifth percentile
user throughput, and Figures 3.9, 3.10, and 3.11 show the performance in terms of
GINI coefficients against varying user density λu, hot-spot user ratio α, and AP den-
sity λa, respectively. From these figures, it can be noticed that WLAN-First scheme
demonstrates the best performance in terms of fairness (i.e., higher fifth percentile user
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throughput and lower GINI coefficient), and the Opt-SysTP demonstrate the worst
performance, while the performance of Opt-Util and Heu-Alg fall between the WLAN-
First and Opt-SysTP. This is due to the fact that the users served by the WiFi APs
inherently will have equal throughput due to the underlying random access scheme. In
addition, most of the users will be served by WiFi in WLAN-First, since all the users
under the WiFi coverage will be served by the WiFi AP. Hence, in WLAN-First, most
of the users will be served with equal throughput. However, the system throughput
will be lower as explained earlier.
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Figure 3.6: Fifth percentile user throughput vs. Number of users
Figure 3.6 shows that the fifth percentile user throughput decreases with increased num-
ber of users. This is due to the fact that the available resources have to be shared with
more users as the number of users increase. Hence, in general the per-user throughput
decreases with increased user density. In Figure 3.7, it can be observed that the fifth
percentile user throughput increases with increased hot-spot user ratio. However, the
rate of increment is highest in WLAN-First and lowest in Opt-SysTP. This is due to the
fact that more users will be under the coverage of WiFi APs with increased hot-spot
user ratio. As a result, more users will have the chance to be served by WiFi APs. Sim-
ilarly, in Figure 3.8, the fifth percentile user throughput increases with increased APs.
However, this is resulted from the increased resources in the system due to increased
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Figure 3.7: Fifth percentile user throughput vs. Hot-spot user density ratio
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Figure 3.8: Fifth percentile user throughput vs. Number of WiFi AP per BS
APs. Similar to the fifth percentile user rate, form Figures 3.9-3.11, it can be noticed
that WLAN-First scheme demonstrate the best performance in terms of fairness (i.e.,
lowest GINI coefficient), and the Opt-SysTP demonstrate the worst performance. The
the performance of Opt-Util and Heu-Alg lower than WLAN-First, however they are
much closer to WLAN-First.
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Figure 3.9: GINI coefficient of user throughput vs. Number of users
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Figure 3.10: GINI coefficient of user throughput vs. Hot-spot user density ratio
3.5.3 Load Distribution Between Cellular and WiFi
The load distribution between the cellular and WiFi is measured in terms of percentage
of users served by WiFi APs in the system. Figures 3.12, 3.13, and 3.14 show the
performance in terms of percentage of the users served by WiFi APs with varying
user density λu, hot-spot user density ratio α, and AP density λa, respectively. From
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Figure 3.11: GINI coefficient of user throughput vs. Number of WiFi AP per BS
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Figure 3.12: Percentage of users served by WiFi vs. Number of users
Figure 3.12, it can be observed that the percentage of WiFi users does not change with
increased number of users for all schemes. Although, the user density is increased the
proportions of users served by each RAT will not change. However, about 65 % of the
users are served by WiFi in WLAN-First scheme and only less than 10% is served by
WiFi in Opt-SysTP. In Opt-Util and Heu-Alg, the percentage of WiFi users is about
50%. This is a fair load distribution, considering that in this scenario, there are 3
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Figure 3.13: Percentage of users served by WiFi vs. Hot-spot user density ratio
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Figure 3.14: Percentage of users served by WiFi vs. Number of WiFi AP per BS
WiFi APs per cellular BS and the BS has high transmission power with higher system
efficiency than the WiFi AP.
In Figure 3.13, the percentage of WiFi user increases with increased hot-spot user
ratio in all schemes. This is due to the fact that there will be more users under the
WiFi coverage area with increased hot-spot user ratio. Similarly, in Figure 3.14 also
the percentage of WiFi user increases with the increased WiFi APs in all schemes.
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However, this is due to the increased WiFi coverage and resources in the system. In
both these scenarios, the WLAN-First and Opt-SysTP schemes demonstrate poor load
balance, where as the Opt-Util and Heu-Alg schemes demonstrate better load balance
between cellular and WiFi.
3.5.4 Analysis of Computational Complexity
In this subsection, the computational complexity of the Heu-Alg scheme is analysed and
compare with Opt-Util scheme, since both of the schemes demonstrates desired optimal
system performances. Figure 3.15 shows the computational complexity of both of the
schemes in terms of number of iteration required with increased number of APs per BS.
The complexity of the Opt-Util is exponentially increases with respect to the number of
APs per BS, where as in the Heu-Alg scheme it decreases with increased APs. Notably,
the complexity is higher for the Heu-Alg when the AP density is less than 2 per BS.
However, with higher AP density, the Heu-Alg scheme requires much less iterations
compared to the Opt-Util scheme. This is due to the fact that in the Heu-Alg scheme,
the power reduction factor is incremented based on the current load distribution and
the location of AP with respect to the BS. Hence, if there is only few APs per BS,
the power reduction factor incremented with smaller value due to much less variation
in the load distribution in each iteration. However, with higher number of APs per
BS the the load variation for each iteration will be higher. Hence the power reduction
factor will be incremented at higher rate, until it reaches to the maximum value for at
least on AP. Thus, the number of iteration required decreases with the increased AP
density for the proposed Heu-Alg scheme.
3.6 Summary
In this chapter, a novel load balancing scheme is proposed for an operator deployed
cellular-WLAN HetNet. In the proposed scheme, the user association is controlled by
employing cell breathing technique for the WLAN network. Hence, the users can simply
associate with available strongest WiFi AP without making any complex association
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Figure 3.15: Computational complexity in terms of number of iterations vs. Number
of WiFi AP per BS
decision. A logarithmic utility function is chosen, in order to achieve the desired load
balancing that optimise the system throughput while ensuring certain level fairness
among users. Although, the logarithmic utility reduces the complexity of the optimi-
sation problem and naturally achieve some level of fairness, the complexity of finding
optimal power reduction factor exponentially increases with increased AP density, due
to the consideration of unique association. Hence, a suboptimal heuristic algorithm
is proposed in order to reduce the complexity of the optimisation process. Then the
performance of the proposed scheme is evaluated in terms of system throughput, user
fairness and load distribution between cellular and WLAN networks and compared
with two bench mark schemes; one is WLAN-First and the other one is the greedy
optimal-system throughput scheme. The simulation results demonstrate that the pro-
posed scheme demonstrates better load distribution and user fairness while optimising
the system throughput. Moreover, the proposed heuristic algorithm achieves similar
performance to the optimisation of logarithmic utility, with much less computational
overhead. Thus, the proposed scheme can be easily adopted to the current and future
cellular-WLAN HetNet without any changes in the user side, which makes this scheme
more practical in terms of implementation.
Chapter 4
Analysis of Energy Efficiency on the Cell
Range Expansion for Cellular-WLAN
Heterogeneous Network
Chapters 3 presents practical schemes for an operator deployed cellular-WLAN HetNet
in order to balance the load and improve network performance, by optimising the
network selection utilising cell breathing technique. Another practical technique used
to control the user association in HetNets is CRE. Although, this technique is designed
for single-RAT HetNet (i.e., LTE macro-femto HetNet), recently, there are some effort
in implementing CRE in multi-RAT HetNet. Thus, in this chapter we analyses affect
of employing CRE technique to control the user association in an operator deployed
cellular-WLAN HetNet. Moreover, this chapter proposes a practical implementation
scenario for employing CRE technique for cellular-WLAN HetNet, specifically, LTE-
WiFi HetNet, including architectural enhancements and signaling procedures. The
proposed architecture and signaling procedures can also be utilised to implement the
scheme proposed in Chapters 3.
First, the background of this chapter including a sort review of the CRE technique
is presented, followed by the considered system model including the user association
method for this analysis. Then, the performance evaluation model is given in detail.
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Subsequently, the performances of the CRE scheme is analysed. Finally, the practical
implementation scenario for CRE in LTE-WiFi NetNet is presented. There are two
main contributions of this chapter; one is the performance analysis of CRE technique
on an operator deployed cellular-WLAN HetNet, which is reported in [105]; and the
other is the proposed network architecture and signaling procedure for implementing
CRE in LTE-WiFi HetNet.
4.1 Background
As discussed earlier, one of the major challenges in HetNets is optimal user association
[13]. Particularly, in a single RAT HetNet small-cells have relatively very small coverage
compared to the macro-cells due to their low transmit power. In traditional user
association schemes, the user terminal only compares the received power, from both
macro-cells and small-cells in order to be associated with a desired cell. Hence, the
small-cells in a HetNet attract very few users compared to the macro-cell. This leads
to an unbalanced load distribution between small-cells and macro-cells, although the
small-cells may have the same amount of resources (i.e., bandwidth). Thus, the users
associated with macro-cells suffer from lower throughput, while the small-cells are often
under-utilised. Therefore, in a HetNet, the user association scheme should consider the
user-perceived throughput, rather than just the signal strength. However, optimising
the user association for user throughput is a very challenging problem. Instead, it has
been shown that applying simple biasing to the received power from small-cells (i.e,
the received signal from the small cell is multiplied by a bias-factor before comparing
it for cell association), can achieve near optimal load balancing [100]. This technique is
referred to as cell range expansion (CRE), and it has already been adopted by 3GPP
standard for HetNets [4].
Recently, there are some effort in implementing CRE in multi-RAT HetNet. Notably,
in [22] the authors investigate the application of CRE in WiFi network to optimise the
load balance in a cellular-WiFi HetNet. However, applying CRE in multi-RAT HetNet
such as cellular-WLAN HetNet is questionable, due to the fact that this technique can
only work for a system where the user terminal compare the RSS from all potential
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POAs to make the association decision. However, just comparing RSS to make asso-
ciation decision in multi-RAT HetNet is not practical due to the fact that in reality,
different RATs employ different multiple access schemes at MAC layer, even though
they may employ same PHY layer technique (e.g., OFDM-PHY in LTE and WiFi).
The difference in MAC layer techniques in cellular and WLAN has a considerable im-
pact on the users’ perceived throughput as well as on the system performance of each
RAT. In addition, the study in [22] does not consider hot-spot deployment of WiFi AP.
Moreover, it is assumed that radio resource allocation is similar in both cellular and
WiFi, specifically, it is considered that the WiFi APs are same as femto-cells except
they operate in different carrier frequency. However, these assumption are unrealistic
in practical cellular-WLAN HetNet. Thus, in this chapter we analyses affect of em-
ploying CRE technique in an operator deployed cellular-WLAN HetNet, considering
hot-spot deployment of WiFi APs and different resource allocation schemes for cellu-
lar and WLAN networks (i.e., scheduled resource allocation for cellular network and
random access for WLAN network).
Although, CRE can only work for a system where the user terminal compare the RSS
to make the association decision, it can be applied to cellular-WLAN HetNet with
appropriate modifications in the user terminals as well as proper integration of both
cellular and WLAN networks, not only in the core of the network but also in the access
part of the network. Thus, we also proposes a practical implementation scenario for
employing CRE technique for cellular-WLAN HetNet in this chapter.
4.2 System Model and User Association
In this chapter, the considered system model is similar to the one described in Chapter
3. Thus, it is not repeated in this chapter. However, the considered user association
schemes are different due to the consideration of CRE, and they are given below.
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4.2.1 User Association
Three types of user association schemes are considered in this chapter; namely, CRE,
Max-RSRP and WLAN-first. For the CRE scheme, the desired POA of a user will be
determined by the strongest biased received power. Thus, the POA of user k in CRE
scheme will be
POACREk = argmax
i
P ri,kzi, (4.1)
where zi is the bias-factor for POA i. For the traditional Max-RSRP scheme, the
desired POA is simply the one with the strongest received power without any biasing.
Hence,
POAMRXk = argmax
i
P ri,k. (4.2)
As explained in Chapter 3, the mainstream WLAN-first scheme works in a way that
the users always select the WiFi whenever the WiFi coverage is available. Therefore,
the desired POA for this scheme will be determined as follows:
POAWFk =

argmax
i:i∈A
P ri,k, if max(P
r
i,k) ≥ P rth ∀i ∈ A,
argmax
i:i∈C
P ri,k, otherwise,
(4.3)
where P rth represents the minimum required received power threshold (i.e., receiver
sensitivity) to successfully establish the connection with WiFi AP.
4.3 CRE Optimisation
Similar to the optimisation problem in Chapter 3, in this section, an optimisation
problem is formulated in order to find the optimal bias factor zi for each WiFi AP
i ∈ A that optimise the system throughput while ensuring some level of user fairness.
As explained in Section 3.3, utilising a logarithmic utility naturally achieves some level
of fairness. In addition the logarithmic utility reduce the complexity of optimisation
problem by eliminating the bandwidth allocation problem for the cellular network (i.e.,
the optimal bandwidth allocation for logarithmic utility is equal bandwidth allocation
[100]). Thus, the user throughput ck is only depends on the associated POA which is
controlled by adjusting the bias factor z. Hence, the optimisation problem will be
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max
z
∑
k∈U
Uk(ck) =
∑
k∈U
log(ck), (4.4)
s.t.
∑
i∈A∪C
xi,k = 1, ∀ k ∈ U (4.4a)
0 < zi, ∀ i ∈ A, (4.4b)
where the constraint (4.4a) represents unique association (i.e., a UE is associated to
only one POA), and the constraint (4.4b) ensures positive bias factor. Note that when
measuring the bias factor in dB, 0 < zi < 1 will have negative dB value, and zi > 1 will
have positive dB value. Since the above optimisation problem is combinatorial due to
unique association of UEs, it can be solved by brute force algorithm, with maximum
and minimum constraints on the bias factor, and suitable step size.
4.4 Results and Analysis
In this section, the performances of considered network association schemes, namely;
CRE,WLAN-first and Max-RSRP are compared and analysed. For this analysis, three
variations of CRE scheme are considered: two of them with fixed bias factor for all APs
(with -10dB and 10dB), and the third one from the optimisation problem given in (4.4),
which individually optimise the bias factor for each AP according to the objective.
These three variations of CRE scheme are denoted as “CRE(-10dB)”, “CRE(10dB)”
and “Opt-CRE”, respectively, in the following figures. The optimisation problem in
(4.4) is solve by brute force algorithm, with minimum, maximum, and step size of
bias factors are set to -20dB, 20dB and 2dB respectively. Two performance metrics
are analysed, such as system throughput and GINI coefficient of user throughput,
which indicates the system performance and the fairness amongst the users’ throughput,
respectively. The results are obtained as an average of multiple random simulation. In
these simulations, the APs are randomly and uniformly distributed in the coverage
area. The users are deployed with different densities between hot-spot and non-hot-
spot areas according to the value of parameter α, which is considered to be 10 in
these simulations (i.e., the user density is 10 times higher in hot-spot area compared
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to non-hot-spot area). Note that the coverage area of an AP (i.e, hot-spot area) can
be determined by transmit power of AP, WiFi receiver sensitivity P rth and path loss
model. All other system parameter settings for this simulations are given in Table 4.1.
Table 4.1: System Parameter Settings
Parameter Notation Value
Macro BS ISD D 1000 m
AP density per BS λa Variable (1-7)
User density per BS λu 250
Hot-spot to non-hot-spot user density ratio α 10
Cellular carrier wave length W b 0.150m (2GHz)
WiFi carrier wave length W a 0.125m (2.4GHz)
Path loss exponent θi 3.5
Cellular carrier bandwidth Bj 20 MHz
WiFi carrier bandwidth Bjˆ 20 MHz
Noise power spectral density N0 -174 dBm/Hz
WiFi receiver sensitivity P rth -100 dBm
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Figure 4.1: System throughput vs. WiFi AP density λw.
Figure 4.1 shows the system throughput against the increasing AP density. As shown
in Figure 4.1, the system throughput of CRE(-10dB) is highest, while it is lowest in
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WLAN-first scheme. This is due to the fact that with the negative bias of CRE, only
few users with better channel quality will be associated with the WiFi AP. Hence the
throughput of WiFi APs will be higher, which leads to higher system throughput.
However, this will result in lower fairness among the users. On the other hand, in
WLAN-first scheme, all users under the WiFi AP coverage will be associated to the
AP, even though the users have poor channel quality. Hence, the throughput of the
WiFi AP is degraded. As a result, system throughput will be lower. In addition, it can
be observed that system throughput continuously increase with increased AP density.
This is due to the fact that the added APs increase the system capacity by introducing
more radio resources, specifically, the additional bandwidth.
Figure 4.2 shows the user fairness in terms of GINI coefficient against increasing AP
density. Note that lower GINI coefficient indicates higher fairness. As it can be observed
from this figure, the WLAN-first scheme demonstrates highest fairness (i.e., lowest GINI
coefficient). This is due to the fact that in WLAN-first scheme, more users will be served
by WiFi AP. Since WiFi is a throughput fair access scheme [95], fairness among the
users will be higher. On the other hand, CRE(-10dB) demonstrate lowest performance
in terms of fairness (i.e., highest GINI coefficient). The reason for this observation is
that in CRE(-10dB), only few users will be served by WiFi AP; thus, cellular BS has to
serve most of the users. As a result, a user served by WiFi AP will have much higher
throughput compared to a user served by cellular BS, since higher number of users
have to share the cellular resources. These results demonstrate a trade-off between the
fairness and the system throughput. The Opt-CRE demonstrates better balance of this
trade-off, since it tries to optimise the system throughput with the logarithmic utility,
which naturally achieves some level of fairness.
4.5 Practical Implementation Scenario
This section first describes the existing cellular-WLAN interworking solutions, followed
by the proposed cellular-WLAN (particularly, LTE-WiFi) interworking architecture
for implementing the aforementioned traffic steering schemes such as CRE and cell
breathing. Then, the signalling procedures for the proposed interworking architecture
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Figure 4.2: GINI coefficient vs. WiFi AP density λw.
is given in detail.
4.5.1 Existing Cellular-WLAN Interworking Solutions
As mentioned earlier, in order to cope with the dramatic growth of cellular data traffic,
mobile operators seek for cost-effective and easily deployable solutions to increase the
capacity of their networks. One of these solutions is to use WiFi networks to off-
load the cellular network. However, there are several challenges in integrating WiFi
network to the cellular network, due to the architectural and technical differences of
both RATs. To this end, the latest standardization work by 3GPP pays lots of attention
to the integration of WiFi to LTE, including trusted access to cellular services for
WiFi-only devices, seamless WiFi-LTE handover, and ANDSF. Especially, in 3GPP
Release-12 solutions for tighter coupling between LTE andWiFi at RAN level have been
investigated. The are numerus advantages of such integration, ranging from transfer of
simple network assistance information to fully centralised radio resource management
[106].
However, current 3GPP integration options are not nearly as flexible to enable efficient
multi-RAT connectivity as one would expect [107]. By convention, all user data in LTE
is represented as IP packets, and all IP packets are hauled with a fixed QoS level through
their respective EPS-bearers, which act like virtual circuits. As a result, the LTE
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network internally operates as a circuit-switched system, while externally appearing to
be packet-switched [51]. Whereas this indeed provides flexibility the cellular systems
require, it is very different from how IP works. As a result, no external IP traffic from
the users is actually allowed inside the LTE network, which has a profound implication
on LTE-WiFi integration.
Moreover, most of the existing solutions for integrating cellular network with WLAN
network, such as 3GPP I-WLAN, ANDSF and HotSpot2.0 are mainly focus on the
integration of the core network [108]. Although, this kind of integration is beneficial
for integrating multiple networks that are owned by different network operators, the
lack of integration in the radio access network (RAN) leads to a suboptimal system
performance gain from off-loading process of the cellular traffic to the WLAN. This is
due to the fact that the current solutions in the standard mainly provide long term
network centric information to the users in order to facilitate intelligent network selec-
tion by the users. However, the dynamic network status such as current network load
and channel conditions are not shared with the users to make such intelligent network
selection decision. For example, ANDSF provides a useful framework for distributing
flexible operator-defined network selection information and policies. However, there
are additional information that are likely available in an operators network and which
could be used to improve network selection decisions, but that is not captured in the
current iteration of ANDSF [108].
To this end, in [51] the authors have introduced an network entity called AAGW,
which mirrors 3GPP functionalities into a WLAN RAT and vice-versa. As a result,
the WiFi AP appears as an eNodeB to the LTE core network, which enables tighter
integration of WiFi to LTE network. However, to realise the proposed solution, there
is a need for change in the network architecture due to the introduction of AAGW.
In addition, UE will need a special driver installed, and the UE needs to know the IP
address of the nearest AAGW through an external mechanism such as ANDSF. Thus,
in the following subsection, we propose an interworking architecture to implement the
proposed off-loading schemes in this thesis (e.g., cell breathing and CRE), which does
not require any changes to the UE, and only requires a software update to the network
entity such as eNodeB.
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Figure 4.3: Cellular-WLAN Interworking Architecture
4.5.2 Proposed Cellular-WLAN Interworking Architecture
In this subsection, a network architecture is proposed, which comply with the current
standard approach for integrating WLAN network with the 3GPP network according
to the current 3GPP standard. Notably, a logical signalling link is introduced in the
interworking architecture between the eNodeB and the WiFi APs under the converge
of that eNodeB. This link is called WLSL (i.e., WLAN Logical Signalling Link). Figure
4.3 depicts the proposed architecture with WLSL. Since LTE is an all IP network, and
the considered HetNet is an operator deployed one, it is possible to create a signalling
link between the WiFi APs and the eNodeB with logical IP or VPN, through existing
backhaul transport network. Thus, the proposed WLSL does not require any additional
direct physical communication links between the eNodeB and WiFi AP; hence, it can
be implemented cost effectively in the existing HetNet.
The main advantage of this WLSL is that it enables close coordination at the RAN side
of the network, without introducing any external entity or complex network upgrades.
Moreover, this link enables the eNodeB to act as a central controller to perform optimal
traffic steering between the eNodeB and the WiFi APs, such as CRE and cell breathing.
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For example, the eNodeB can be updated dynamically with the information regarding
the current load of the APs and the channel condition of the attached UEs of the APs.
With these information, the eNodeB can perform optimal traffic steering by optimising
the coverage area of each AP under the coverage of that eNodeB by updating the bias
factor for CRE (or power reduction factor for cell breathing) of each AP. However, to
make use of the proposed WLSL, the AP and eNodeB require some software changes.
In addition, there will be some difficulties in implementing the WLSL, LTE, WLAN and
backhaul networks are owned and operated by different providers. Nevertheless, the
proposed signaling link provides a cost-effective and immediate solution for the existing
operator deployed cellular-WLAN HetNet, to implement traffic steering schemes, such
as CRE and cell breathing.
4.5.3 Signaling Procedure for the Proposed Interworking Architec-
ture
Figure 4.4 shows the signaling procedure for two use cases; one is the service arrival
at the WiFi coverage area; and the other one is the handover of active secession from
eNodeB to WiFi AP. In the case of new session arrival at WLAN coverage area, first,
the UE listen to the WiFi beacons to find the availability of WLAN networks. If there
is a WiFi coverage, the UE sends connection request to the WiFi AP. Since this is a
new service request, the UE has to be authenticated for the purpose of security and
billing. Therefore, the WiFi AP sends an authentication request to the core network
(i.e., EPC). This authentication procedure can follow the standard approach such as
the one defined in 3GPP I-WNAL standard. Once the UE is authenticated, the EPC
sends the acknowledgement to the WiFi AP. Then the AP responds to the connection
request to the UE. Once the connection between the UE and the AP is established, the
user traffic is routed to the EPC via the WAG according to the standard. At this point,
the WiFi AP updates it’s current status to the eNodeB via the WLSL. This triggers
the optimisation process in the eNodeB, which optimises the coverage of the APs under
it’s coverage, according to the operators optimisation objectives and policies. Then the
eNodeB sends the updated AP coverage adjustment (e.g., bias factor for CRE or power
reduction factor for cell breathing) to each AP. Then the APs adjust their coverage
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accordingly. It is worth noting that the coverage of WiFi AP is adjusted by only
changing the beacon power. Hence, if the coverage of a WiFi AP become small, the
existing active sessions will not be effected by this action. However, any new session
arrivals or handover requests will be effected.
In the case of active secession handover, when the UE enters to the WLAN coverage
area, it scans for the WiFi beacons to fine the available WiFi APs. Once the UE
identifies the availability of WiFi coverage, it sends the connection request to the WiFi
AP. In this case, the AP does not need to authenticate the UE since it is already have
authenticated with EPC via eNodeB. Therefore, the WiFi AP immediately responds
to the connection request of the UE and establishes the connection with the UE. Note
that at this point, the UE have active connections with both eNodeB and WiFi AP.
This kind of handover is called “soft handover”. Then the UE requests the eNodeB
to handover the active session to the new connection via WiFi. Since this is a inter-
RAT handover, the eNodeB cannot simply switch the connection. Hence, the eNodeB
forwards the request to EPC. The EPC re-route the traffic through the new connection,
and notify the UE, and completes the handover. The traffic re-routing of this handover
can be done according to the existing protocols such as “mobile IP”. Once the handover
is completed, similar to the previous case, the AP updated its status to the eNodeB via
WLSL, and the eNodeB carries out the optimisation process and update the coverage
of the APs.
4.6 Summary
In this chapter, a performance analysis of cellular-WLAN heterogeneous network (Het-
Net) is carried out in terms of total system throughput and user fairness, for a saturated
downlink scenario. The main objective is to investigate the effect of deploying CRE
technique for WLAN network in the cellular-WLAN HetNet. To this end, a system
model with OFDM based cellular macro-cells and WiFi APs is considered, with prac-
tical aspects of each type of access technology. The results demonstrate that applying
a negative bias in CRE technique improves the system throughput, whereas main-
stream WLAN-first scheme demonstrates the worst performance. However, WLAN-
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Figure 4.4: Signaling Procedure for new Service Arrival at WLAN, and Handover from
Cellular to WLAN
first scheme provides best results in terms of fairness of users’ throughput, while the
CRE with negative bias demonstrate worst performance. Thus, the results show that
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there is a trade-off between the fairness of user throughput and the system throughput.
However, by optimising the bias factor of each AP individually, with appropriate utility
function, a better balance of this trade-off can be achieved.
In addition, an interworking architecture is proposed with detailed signaling procedures
for implementing CRE technique for cellular-WLAN HetNets, specifically, for LTE-
WIFi HetNet. Moreover, the proposed architecture can also be utilised to implement
other traffic steering and network section scheme such as the ones proposed in Chapters
3, which also require close coordination at the RAN side of the HetNet.
Chapter 5
An Adaptive Stochastic Radio Access
Selection Scheme for Cellular-WLAN
Heterogeneous Networks
Although, the schemes proposed in Chapter 3 and Chapter 4 provides practical solutions
for balancing the load between cellular and WLAN networks, while ensuring certain
level of fairness in terms of user throughput, they do not consider the EE of either
the network nor the UEs. Our previous simulation based study that is carried out to
investigate the EE aspect of a LTE-WiFi HetNet (which is given in Appendix A), shows
that the network EE can be significantly improved by adopting appropriate network
selection strategy. Moreover, in the previous chapters it is assumed that the achiev-
able throughput is a continuous function of perceived SINR (i.e., Shannon’s equation).
Although, it has been widely accepted way of analysing the network throughput, in re-
ality the throughput is a step-function due to the use of limited number of MCS. Thus,
in this chapter we consider a cellular-WLAN HetNet, with limited number of MCS,
and propose a novel Adaptive Stochastic Radio Access Selection (ASRAS) scheme for
mobile users in cellular-WLAN HetNet that improves the total network EE as well as
throughput, and call blocking probability.
The chapter firstly presents the background of this chapter, followed by the considered
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system model for the proposed scheme. Subsequently, the detail description of the pro-
posed ASRAS scheme is given. Hereafter, an analytical model is developed to optimise
the proposed scheme. Finally, performance of the proposed scheme is evaluated and
compared with two mainstream schemes namely, WLAN-first and Load Balancing, in
terms of EE, throughput, and call blocking probability.
There are two main contributions from this chapter. First one is the proposed analytical
model for performance evaluation of cellular-WLAN HetNets based on CTMC for VBR
data services, which is reported in [109]. The second one is the proposed novel ASRAS
scheme for mobile users in heterogeneous cellular-WLAN systems, which is reported
in [110].
5.1 Background
Although, in general, the objectives of most existing network selection schemes in
literature are limited to optimal resource utilisation and/or load balancing, some recent
studies in literature focus on EE aspect of network selection in multi-RAT HetNets.
Especially, the mobile devices EE attract considerable attention, due to the limited
source of energy provided by the battery in such devices. Most notably, in [38], the
authors propose a network selection scheme, which optimizes the energy efficiency of
mobile devices, with the use of a cost function in a multi-RAT environment that consists
of WiFi, WiMax, and 3G networks. An energy-efficient adaptive wireless network
interface-selection algorithm is proposed in [111] for mobile devices that are equipped
with both 3G and WiFi network interfaces. While aforementioned studies only focus
on the EE of mobile devices, some recent studies consider the EE of the network. As
a notable example, the energy-efficient network selection scheme proposed in [21] aims
to improve the energy efficiency of the wireless network. In [21], the network selection
problem is formulated as a process of an evolutionary game, where the users compete
for the data rate from different access networks; and, the network selection by a user
is based on the payoff, which is a function of data rate and power consumption.
However, aforementioned studies that focus on network EE, typically assume either
a fixed system throughput regardless of channel condition or theoretical achievable
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throughput based on perceived SINR. For example, in [21], it is assumed that WLAN
network provides a fixed throughput of 7Mbps and cellular network provides 2Mbps.
On the other hand, in [22], the throughput of both WLAN and cellular networks are
assumed to be equal to the maximum theoretical achievable throughput based on per-
ceived SINR. However, in reality, the throughput of a practical network remains be-
tween these two extreme assumptions, mainly for two reasons. First, in the state of the
art wireless communication systems, adaptive MCS are used to enhance the spectral
efficiency based on the channel quality. Thus, the throughput varies according to the
channel quality. Secondly, technical limitations in real systems, such as limited number
of MCS levels and signaling overheads caused by underlying multiple access schemes,
prevent the system to achieve theoretical maximum throughput. However, modeling
and analysing a multi-RAT HetNet with limited number of MCS is a challenging task.
In addition, the power consumption model used in [21], does not capture the realistic
total power consumption of BSs or APs. However, it is important capture the realistic
total power consumption model to analyse the system for EE. Moreover, in order to
optimise the network selection scheme for EE, the energy consumption per transferred
unit data has to be modeled accurately. Thus, in addition to the power consumption
models, the amount of data transferred and the time spent to transfer that data has
to be considered, particularly, for full buffer elastic traffic model. This is due to the
fact that some radio links may consume less power, however, they do not necessarily
consume less energy, because, the time spent to transfer certain amount of data over
such links may be high due to lower throughput. Consequently, the energy consumed
to transfer a unit data may be high.
Therefore, in this chapter, we propose a network selection scheme, called ASRAS that
improves the total network EE, while considering limited MCS for both cellular and
WLAN network, and realistic energy consumption per bit of data. In ordered to achieve
this, we model the system with multiple circular rings similar to the one presented
in [112], where each ring represent a MCS that is used to transmit data when a user
reside within that ring. Although, this is different to the considered system models in
the previous chapters, it allows us to mathematically model the system with CTMC in
order to analyse and optimise the proposed scheme.
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5.2 System Model
Figure 5.1: System model.
This section presents a detail description of the considered system model for the pro-
posed network selection scheme. An operator deployed cellular-WLAN HetNet is con-
sidered for this study, which consists of a single cellular BS and M WiFi APs. Figure
5.1 shows an example of the system model. Typically, operators deploy the WiFi APs
in high user density areas (e.g., shopping malls and airports, etc), in order to alleviate
the traffic burden of the cellular system. Thus, the users are considered to be randomly
distributed with higher density in the areas which are within the coverage of each WiFi
AP, and lower density in other areas. The main focus on downlink data traffic scenario,
where each user downloads certain amount of data from the network. It is assumed
that service requests follow Poisson Process with average rate of λ requests per second.
Typically, each RAT supports a limited number of MCSs. Hence, it is considered that
cellular BS supports Q levels of MCS, and WiFi AP supports Qˆ levels. An example
is illustrated in Figure 5.1, where each ring depicts a certain MCS level. The system
specific overhead is captured with a parameter named “system efficiency” for each type
of RAT. It should be noted that the overhead introduced by the underlying multiple
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access schemes is different for each type of RAT. For example, as explained in Section
3.5 of Chapter 3, the overhead caused by CSMA/CA and DCF mechanism of WiFi
is much higher than the signaling overheads in OFDMA in cellular. It is assumed
that the network resource (i.e., system bandwidth) is shared amongst UEs in cellular
networks according to the underlying resource allocation scheme. In contrast to the
cellular network, the radio channel is randomly accessed in WiFi network.
In order to obtain the network EE, a simplified yet practical linear power consumption
model has been suggested in [66]. According to this model, the overall power consump-
tion P of a BS is a linear function of the radiated signal power Pt. Therefore, it can
be derived as P = P0 +ΔPt, where P0 represents the circuit power consumption, and
Δ is linear coefficient. In addition, when there is no load (i.e., no users served by the
BS) the power consumption of BS will be lower than P0, which is referred to as idle
power consumption. Hence, in this chapter, a stated based power consumption model
is considered for both cellular BS and WiFi APs (which is given in Section 5.4.2). With
regard to the UE’s power consumption, it is assumed that a fixed amount of power is
consumed (yet different values for different RATs) by each UE while downloading the
data. However, the amount of energy consumed to download certain amount of data
by the UE will depend on the time taken to download that data (i.e., it depends on
the user’s perceived throughput).
5.3 Proposed Network Selection Scheme
This section describes the proposed ASRAS scheme for an operator deployed cellular-
WLAN HetNet. This scheme aims to improve the network performance in terms of
network EE, system throughput, and call blocking probability. In ASRAS, the network
selection is stochastically made based on the current network status and channel quality.
A probability threshold ωq,qˆ (∈ [0, 1]) is obtained based on the channel quality of both
cellular and WiFi access links (i.e., MCSs q and qˆ), which indicates the preference
towards selecting WiFi when the user in dual coverage area. The UE k generates
a uniform random value Rk (∈ [0, 1]), and compares Rk with ωq,qˆ in order to make
the network selection decision. Hence, ω dictates the selection of WiFi over cellular
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network in the dual coverage area, stochastically. Note that ω can be interpreted as the
expected proportion of users off-loaded to WiFi in the dual coverage area. The network
operators can optimise the value of ω according to various objectives (e.g., system EE,
throughput, etc).
Figure 5.2: Proposed ASRAS scheme.
The flow chart in Figure 5.2 shows the procedure of the proposed ASRAS scheme. In
ASRAS, when a service request is initiated by a UE, the UE first checks whether it is
within WiFi coverage or not. If not, the UE checks the load of the cellular BS. If the BS
is fully loaded, the request is blocked, otherwise the cellular BS is selected. If the UE is
within WiFi coverage, it queries the current network status information (e.g., current
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load on WiFi AP and cellular BS) from the network. The requested information can be
delivered to the UE through standard protocols such as ANDSF or MIH. Once the UE
receives the network status information, it checks whether the cellular BS and WiFi
AP are fully loaded. If both WiFi AP and cellular BS are fully loaded, the request
will be blocked. In the case that only either cellular BS or WiFi AP is fully loaded,
the UE selects WiFi AP or cellular BS, accordingly. Otherwise, the UE estimates the
MCS for both WiFi and cellular, and queries the value of ωq,qˆ from the network for
the estimated MCSs q and qˆ. Then the UE generates a random value Rk (∈ [0, 1])
and compares it with ωq,qˆ. If Rk < ωq,qˆ, the UE will select WiFi AP, otherwise, it will
choose the cellular BS.
In the proposed ASRAS scheme, the most challenging part is to find the optimal value
of ωq,qˆ. Therefore, the optimisation problem that yields the optimal ωq,qˆ is formulated
as follows:
OPT-C : max
ωq,qˆ
C, ∀ 1 ≤ q ≤ Q, 1 ≤ qˆ ≤ Qˆ,
OPT-EE : max
ωq,qˆ
EE, ∀ 1 ≤ q ≤ Q, 1 ≤ qˆ ≤ Qˆ,
OPT-Pb : min
ωq,qˆ
pb, ∀ 1 ≤ q ≤ Q, 1 ≤ qˆ ≤ Qˆ,
s.t. ωq,qˆ ∈ [0, 1].
(5.1)
where OPT-C, OPT-EE and OPT-Pb will result in optimal ωq,qˆ for maximum network
throughput, maximum network EE, and minimum blocking probability, respectively.
An analytical model based on CTMC is developed in the following section to find the
solutions for these optimisation problems.
5.4 Analytical Model
In this section, an analytical model is developed to solve the optimisation problems in
(5.1). For the following analysis, superscripts a and b are used to denote the notations
that correspond to WiFi and cellular, respectively. Let, rbq denotes the maximum
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distance from cellular BS that supports the MCS q (1 ≤ q ≤ Q); similarly, the maximum
distance from WiFi AP that supports MCS qˆ (1 ≤ qˆ ≤ Qˆ) is raqˆ . Considering that rbq
and raqˆ are fixed for a given environment, the system can be modeled with multiple
rings [112,113]. Figure 5.3 illustrate the ring model, where each ring area corresponds
to a MCS that is used to transmit data in that area (i.e., MCS q in cellular and qˆ in
WiFi). Abq represents the ring area where only cellular coverage is available with MCS
q and Aa,mq,qˆ represents the area of intersection with MCS q of cellular and MCS qˆ of
WiFi AP m. Let, dm is the distance of WiFi AP m from the BS, for known values of
rbq, r
a
qˆ and d
m, the values of Abq and A
a,m
q,qˆ can be easily obtained by geometry for all
q, qˆ and m.
Figure 5.3: Ring based model of Cellular-WLAN HetNet.
Since the users are uniformly distributed in both hot-spot and non-hot-spot areas (with
higher density in hot-spot areas), the probability of a user being in area Abq, and area
A
a,m
q,qˆ can be obtained as follows:
pbq =
Abq
Q∑
q=1
Abq + α
M∑
m=1
Qˆ∑
qˆ=1
Q∑
q=1
A
a,m
q,qˆ
, (5.2)
p
a,m
q,qˆ =
αA
a,m
q,qˆ
Q∑
q=1
Abq + α
M∑
m=1
Qˆ∑
qˆ=1
Q∑
q=1
A
a,m
q,qˆ
, (5.3)
where α is the user density ratio between hot-spot and non-hot-spot areas. Let nbq and
n
a,m
qˆ represent the number of users served by the cellular BS and the WiFi AP m with
MCS q and MCS qˆ, respectively. Thus, at any given instance, the system state can
be represented as s := {nb1, .., nbq, ..nbQ, na,11 , ..na,mqˆ , .., na,MQˆ }. If the maximum number of
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simultaneous users that can be served by cellular BS and WiFi AP is nbmax and n
a
max,
respectively, the permissible state space S is will be
S =
s
∣∣∣∣ Q∑
q=1
nbq ≤ nbmax,
Qˆ∑
qˆ=1
n
a,m
qˆ ≤ namax
 . (5.4)
Let bk(s) is the portion of the system bandwidth allocated to user k of cellular BS at
a given system state s, according to the underlying resource allocation scheme (e.g.,
proportional-fair, round-robin, etc). Hence, the throughput of a user k with MCS q in
cellular is
cbk,q(s) = bkBβ
b
qη
b, (5.5)
where B is the total system bandwidth of cellular BS, βbq is the spectral efficiency
(SE) of BS at MCS q, and ηb is the system efficiency that reflects all system specific
overheads of cellular system (e.g., signaling, protocol headers, etc). Hence, the system
throughput of cellular BS (i.e., sum-rate of UEs), for a given system state s is
cb(s) =
Q∑
q=1
nbqc
b
k,q(s). (5.6)
On the other hand, since the channel is randomly accessed in WiFi, the throughput
model of a user associated with a WiFi AP will be deferent to that of a user associated
to cellular. It has been shown that the throughput of all users attached to the same
WiFi AP will be equal and lower than the lowest physical layer transmission rate of all
users [98,99]. This is due to the fact that the CSMA/CA mechanism of WiFi guarantees
equal long term channel access probability for all users [98]. However, throughput of
an AP depends on the number of users served with each physical layer transmission
rate [95]. Hence, the throughput of the WiFi AP m at system state s can be modeled
as follows:
ca,m(s) =
Qˆ∑
qˆ=1
n
a,m
qˆ β
a
qˆ
Qˆ∑
qˆ=1
n
a,m
qˆ
ηa, (5.7)
where βaqˆ is the physical layer transmission rate of WiFi with MCS qˆ. η
a is the system
efficiency of WiFi that captures all the system specific overheads of WiFi including the
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overhead caused by the random access. Thus, the average user throughput of user k
served by WiFi AP m, at system state s will be
c
a,m
k (s) =
ca,m(s)
Qˆ∑
qˆ=1
naqˆ
. (5.8)
Since the service requests from the users follow a Poisson Process with an average
rate of λ, the arrival rate in area Abq and A
a,m
q,qˆ will be λ
b
q = λp
b
q and λ
a,m
q,qˆ = λp
a,m
q,qˆ
respectively. The service time (i.e., dwell-time) 1/μbq (1/μ
a,m) of a user with MCS q of
cellular (WiFi) will be,
1
μbq
=
ε
cbk,q
, (5.9)
1
μa,m
=
ε
c
a,m
k
, (5.10)
where ε is the average amount of data downloaded by each user. Thus, the system can
be modeled as a CTMC. Figure 5.4 shows the state transition diagram of the CTMC.
Figure 5.4: State transition diagram of CTM.
Let, ωq,qˆ (0 ≤ ωqˆ,q ≤ 1) is the probability of selecting WiFi in area Aa,mq,qˆ , according
to the underlying network selection scheme. Hence, the events and the relevant state
transitions due to service request arrival and service completion are given as follows:
• A service request arrival in area Abq, and an arrival in area Aa,mq,qˆ with selection of
cellular network will result in the state transition of {.., nbq, ...na,mqˆ , ..} → {.., nbq +
1, ...na,mqˆ , ..}; hence, the rate of this state transition in CTMC will be
ψbq = λ
b
q + λ
a,m
q,qˆ (1− ωq,qˆ). (5.11)
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• An arrival in area Aa,mq,qˆ with section of WiFi network results in {.., nbq, ...na,mqˆ , ..} →
{.., nbq, ...na,mqˆ + 1, ..}; hence, the transition rate is
ψ
a,m
qˆ = λ
a,m
q,qˆ ωq,qˆ, (5.12)
• A service completion of a user served by BS with MCS q results in transition
{.., nbq, ...na,mqˆ , ..} → {.., nbq − 1, ...na,mqˆ , ..}; hence, the transition rate will be
φbq = n
b
qμ
b
q. (5.13)
• A service completion of a user served by WiFi AP m with MCS qˆ will result in
transition of {.., nbq, ...na,mqˆ , ..} → {.., nbq, ...na,mqˆ − 1, ..}; thus, the state transition
rates is
φ
a,m
qˆ = n
a,m
qˆ μ
a,m, (5.14)
Let π(s) be the steady state probability of state s. The steady state probabilities are
related to each other by the global balance equations that are obtained from the state
transition diagram. By combining the global balance equations with the normalisation
condition
∑
s∈S π(s) = 1, the steady state probabilities π can be calculated. There are
many ways to solve large system of linear equations. Among them, relaxation methods
are quite popular. Relaxation methods are iterative, i.e., they start with an initial
guess for the solution, and obtain successively better approximations to the solution by
repeatedly executing a sequence of steps, until convergence is deemed adequate [114].
In particular, the successive over-relaxation (SOR) method is developed for purpose of
automatically solving linear systems on digital computers, with reduced requirement
of storage and faster convergence [114]. Thus, we use SOR method to calculate the π.
The pseudo code of the SOR algorithm is given in Algorithm 2. From π, the system
performances can be obtained as described in the following subsections.
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Algorithm 2
1: Input state transition matrix Λ;
2: Set small positive convergence criteria δ;
3: Set the convergence adjustment parameter ξ between 1 and 2;
4: Decompose Λ into diagonal component D, strictly lower component L and strictly
upper component U ;
5: Γ = D − ξL;
6: Φ = (1− ξ)D + ξU ;
7: Initialise π with initial guess;
8: do
9: {
10: π0 ← π
11: V = Φπ0
12: Solve Γπ = V for π
13: }
14: while (|π − π0|/|π0| > δ);
15: output π
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5.4.1 System Throughput
The system performance in terms of total system throughput C (i.e., the sum-rate of
the BS and the APs) at steady state can be obtained from (5.6) and (5.7) as:
C =
∑
s∈S
π(s)
(
M∑
m=1
ca,m(s) + cb(s)
)
. (5.15)
5.4.2 Network Energy Efficiency
In order to evaluate the EE, first, the following state spaces Xb0 and X
a,m
0 are defined
such that the number of users served by the cellular BS and the WiFi AP m is zero,
respectively. Thus,
Xb0 = {s ∈ S|nbq = 0, ∀q}, (5.16)
X
a,m
0 = {s ∈ S|na,mqˆ = 0, ∀qˆ}. (5.17)
Then, the state based power consumption of the cellular BS P b(s) and the WiFi AP
m P a,m(s) at state s can be represented as follows:
P b(s) =

P bI ∀s ∈ Xb0,
P b0 +Δ
bP bt otherwise,
(5.18)
P a,m(s) =

P aI ∀s ∈ Xa,m0 ,
P a0 +Δ
aP at otherwise,
(5.19)
where P bI (P
a
I ), P
b
0 (P
a
0 ), P
b
t (P
a
t ) and Δ
b(Δa) represent the idle power consumption,
circuit power consumption, transmit power, and linear coefficient of cellular BS (WiFi
AP), respectively. From (5.15), (5.18) and (5.19), the total network EE at steady state
can be obtained as
EE =
C∑
s∈S π(s)
(
M∑
m=1
P a,m(s) + P b(s)
) . (5.20)
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5.4.3 Call Blocking Probability
The state spaces Xbmax and X
a,m
max are defined as the number of users served by the
cellular BS and the WiFi AP m is nbmax and n
a
max, respectively. Thus,
Xbmax =
s ∈ S
∣∣∣∣ Q∑
q=1
nbq = n
b
max
 , (5.21)
Xa,mmax =
s ∈ S
∣∣∣∣ Qˆ∑
qˆ=1
n
a,m
qˆ = n
a
max
 . (5.22)
When the system is in state s ∈ Xbmax (s ∈ Xa,mmax), any arrival at cellular BS (WiFi AP
m) will be blocked. Hence, the call blocking probabilities of a user at cellular BS and
WiFi AP m can be obtained as
pbb =
∑
s∈Xbmax
π(s)
 Q∑
q=1
pbq + Qˆ∑
qˆ=1
p
a,m
q,qˆ (1− ωq,qˆ(s))
 , (5.23)
p
a,m
b =
∑
s∈Xa,mmax
π(s)
 Q∑
q=1
Qˆ∑
qˆ=1
p
a,m
q,qˆ ωq,qˆ(s)
 , (5.24)
respectively. Since these probabilities are mutually exclusive (i.e., a user can only be
blocked by either cellular or WiFi, depending on the selected network), the system call
blocking probability pb will be
pb =
M∑
m=1
p
a,m
b + p
b
b. (5.25)
5.4.4 User Equipment Energy Efficiency
Since the analysis is for downlink scenario, the power consumption of a UE considered
to be fixed while downloading the data. However, it depends on the associated network.
Hence the UE power consumption Pu is given as
Pu =

P au if the UE is accociated with WiFi,
P bu if the UE is accociated with cellular.
(5.26)
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Thus, the average UE energy consumption at steady state to download the data from
WiFi AP m and cellular BS can be obtained as
ECa,mu = P
a
u
∑
s∈S
π(s)μa,m(s)
 Q∑
q=1
Qˆ∑
qˆ=1
p
a,m
qqˆ ωq,qˆ(s)
 , (5.27)
ECbu = P
b
u
∑
s∈S
π(s)
 Q∑
q=1
μbq(s)
pbq + Qˆ∑
qˆ=1
p
a,m
q,qˆ (1− ωq,qˆ(s))
 , (5.28)
respectively. From (5.27) and (5.28), the average EE of UE when it is served by WiFi
and cellular will be
EEau =
ε
ECau
, (5.29)
EEbu =
ε
ECbu
, (5.30)
respectively. By utilising the equations (5.15), (5.20), and (5.25) in this analytical
model, the optimisation problems OPT-C, OPT-EE and OPT-Pb in (5.1) can be solved
via exhaustive search method, respectively. The details of the search algorithm is given
in Algorithm 3. In addition, the average UE EE can be analytically obtained from
(5.29) or (5.30), depending on whether the UE is served by WiFi/cellular.
5.4.5 Complexity of the Proposed Scheme
There are two levels of computational complexity in the proposed analytical model. One
is finding the optimal value for ωq,qˆ using Algorithm 3, which is given by O((1/ς)QQˆ)
where ς is the step size of ωq,qˆ per iteration. The second one is calculating the steady
state probability π using Algorithm 2, which will be carried out for each iteration of
Algorithm 3. Since the complexity of the above algorithm increases exponentially with
respect to QQˆ it may not be suitable for online dynamic decision making, (i.e., finding
the optimal value of ωq,qˆ for each arrival of service request. However, since the network
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Algorithm 3
1: Input λ and α;
2: Set step size ς of ωq,qˆ between 0 and 1;
3: Initialise ωq,qˆ with 0 ∀ q, qˆ;
4: Initialise optimum ω∗q,qˆ ← ωq,qˆ;
5: Set initial system performance SP0 ← 0;
6: do
7: {... (repeat for every q ∈ 1 < q < Q)
8: do
9: {... (repeat for every qˆ ∈ 1 < qˆ < Qˆ)
10: do
11: {
12: Obtain the system performance SP from (5.15), (5.20), or (5.25) according
to the optimisation criteria (i.e., throughput, EE or blocking probability)
13: if SP > SP0 then
14: SP0 ← SP
15: ω∗q,qˆ ← ωq,qˆ∀ q, qˆ
16: end if
17: ωq,qˆ ← ωq,qˆ + ς
18: }
19: while (ωq,qˆ ≤ 1)
20: }
21: while (qˆ ≤ Qˆ)
22: while (q ≤ Q)
23: output ω∗q,qˆ∀ q,
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selection is stochastically made, the optimal value of ωq,qˆ does not need to be computed
for each arrival of the service request. The value of ωq,qˆ can be computed offline for
various sets network conditions (e.g., sets of α and λ), and stored as a lookup tables at
the network side (i.e., in BS/AP). When a UE requests the value of ωq,qˆ, this can be
retrieved from the lookup tables locally at the BS or AP. Hence, the network selection
decision can be made without any delay due to computational complexity.
5.5 Performance Evaluation
The performance of the proposed network selection scheme is evaluated in this section,
and compared with two benchmark schemes, namely, WLAN-first and Load Balancing.
The system performances are evaluated analytically (by the analytical model proposed
in Section 5.4). Two scenarios are considered for the performance evaluation. In the
first scenario, the user density ratio between hot-spot and non-hot-spot area is fixed
(i.e., α = 10), but the traffic arrival rate varies. In the second scenario, the arrival rate
is fixed (i.e., λ = 30), but the user density ratio varies. In both scenarios, three WiFi
APs are deployed per cellular BS (i.e., M = 3), which are uniformly deployed with
a fixed distance of 150 m from the BS. Note that for the analytical evaluation of the
benchmark schemes, the preference values are obtained as follows:
ωq,qˆ =

1 for WLAN-first ∀q, qˆ,
Mnamax
Mnamax+n
b
max
for Load Balancing ∀q, qˆ.
(5.31)
This is due to the fact that in the mainstream WLAN-first scheme, the UE always
tries to connect to WiFi for data service whenever the WiFi coverage is available;
hence, the probability of selecting WiFi is always 1. For the Load Balancing scheme, in
general, the load will be distributed based on the network capacity (i.e., the number of
users/flows that can be served by each network). In addition, for the sake of fairness,
it is assumed that the resources are equally allocated amongst the associated users in
the cellular system (i.e., the system bandwidth is equally shared in cellular system) in
all considered schemes. The other system parameter settings are given in Table 5.1.
Note that the spectral efficiency values of βq given in Table 5.1 correspond to the MCS
values 14, 9, and 4 of LTE system, respectively [115].
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Table 5.1: System Parameter Settings
Parameter Value Parameter Value
Q 3 rq {100, 200, 300} (m)
Qˆ 2 rqˆ {50, 100} (m)
nbmax 10 βq {5.1, 2.4, 0.6} (bits/Hz/s)
namax 5 β
a
qˆ {24, 6} (Mbps)
ηa 0.4 λ 5-50 (Variable)
ηb 0.75 α 2-20 (Variable)
B 20 Mhz ε 1 Mbits
P bI 100 W P
a
I 10 W
P b0 130 W P
a
0 10 W
P bt 20 W P
a
t 2 W
Δb 4.7 Δa 2.5
5.5.1 System Throughput
Figures 5.5 and 5.6show the system performance in terms of system throughput against
varied arrival rate (λ) and the user density ratio (α), respectively. In these figures, the
WLAN-first scheme is denoted as “WF” and the Load Balancing scheme is denoted as
“LB”. Figure 5.5 clearly demonstrates the inefficiency of mainstream WLAN-first and
the Load Balancing schemes, against increased arrival rate. This is due to the fact that
in WLAN-first scheme, WiFi APs will be highly congested due to high user density in
the hot-spot areas while the cellular BS is not fully utilised. In Load Balancing scheme,
since the system load is evenly distributed, the performance is higher than WLAN-first.
However, variation in channel quality is not considered in Load Balancing. Hence, the
proposed scheme performs best. In Figure 5.6, we can find that the performance of
WLAN-first decreases as α increases. This is due to the fact that when the user density
in hot-spot area increases, WiFi becomes heavily congested and cellular becomes under
utilised, since all users in dual coverage select WiFi. As a consequence, the system
performance deteriorates. In the Load Balancing scheme, the performance increases
with increased α up to a certain value of α, and then it begins to deteriorate. On the
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other hand, the performance of the proposed scheme continuously increases within the
whole range of investigated α, while demonstrating superior performance compared to
both benchmarks. This is due to the fact that in the proposed scheme, the value of ω
is optimised according to the status of the network, as well as the channel quality.
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Figure 5.5: System throughput vs. Arrival rate (λ)
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Figure 5.6: System throughput vs. User density ratio (α)
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5.5.2 Network Energy Efficiency
Figures 5.8 and 5.7 show the system performance in terms of network EE against in-
creasing λ and α, respectively. In these figures, a similar trend in performance can be
noticed compared to the throughput. This is due to the fact that the system power
consumption does not significantly vary when both the AP and the BS are active. In
addition, the period when neither AP nor BS is active (i.e., not serving any user) is
relatively low. However, in Fig 5.8, we can observe that the system EE of Load Balanc-
ing scheme is continuously increasing for whole range of α, in contrast to the system
throughput. Since the value of ω is optimised in the proposed scheme, it outperforms
the other two benchmarks in both scenarios.
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Figure 5.7: System EE vs. Arrival rate (λ)
5.5.3 Call Blocking Probability
Figures 5.9 and 5.10 show the performance in terms of call blocking probability of the
system against increasing λ and α, respectively. From Figure 5.9, it can be observed
that the call blocking probability increases when the arrival rate increases for all three
schemes. However, the blocking probability in WLAN-first is much higher than the
other two schemes. This is due to the fact that the WiFi is selected regardless of the
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Figure 5.8: System EE vs. User density ratio (α)
status of the WiFi AP in WLAN-first. Thus, the possibility of AP become fully loaded
is high. As a result, the blocking probability in WiFi will be high. The proposed
scheme achieves the lowest blocking probability among the three schemes, due to the
fact that the state of the WiFi is considered together with channel quality variations.
In Figure 5.10, an inverse effect to the system throughput can be observed for the
blocking probability. The blocking probability increases as α increases in WLAN-first.
In the Load Balancing scheme, it decreases first until α increases to certain value and
then it increases. The blocking probability is lowest and continuously decreases with
the proposed scheme.
5.5.4 User Equipment Energy Efficiency
In this subsection, the EE of UEs are evaluated against increasing arrival rate when the
objective of the proposed scheme is system EE, and compare with the performance of
the benchmark schemes. Figure 5.11 shows the average UE’s EE that is served by the
WiFi AP and the cellular BS against increasing arrival rate. As it can be observed from
this figure, in all three schemes, average UE’s EE that is served by WiFi is lower than
that of served by cellular. The main reason behind this trend is that the throughput
of WiFi AP is lower than cellular BS, at the same time the user density in WiFi (i.e.,
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Figure 5.9: Call blocking probability vs. Arrival rate (λ)
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Figure 5.10: Call blocking probability vs. User density ratio (α)
hot-spot) is much higher; hence, average user throughput of WiFi user is lower than
cellular user. Thus, average dwell-time of a UE served by WiFi AP is higher than that
of cellular BS. Therefore, users spend lower energy to download same amount of data
in cellular than WiFi. In addition, it can be observed that in the WLAN-first scheme,
the average EE of WiFi user is worst among the three schemes in comparison, while
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Figure 5.11: Average UE EE vs. Arrival rate (λ).
the proposed scheme performs best. However, EE of a cellular user is almost similar in
the proposed and the Load Balancing schemes; whereas in WLAN-first, it is lower at
low arrival rate and better at high arrival rate compared to both proposed and Load
Balancing schemes. In general, the UE’s EE is better in the proposed scheme compared
to the benchmark schemes, although the objective of the proposed scheme is network
EE.
5.6 Summary
In this chapter, a novel network selection scheme called ASRAS is proposed for an
operator deployed cellular-WLAN HetNet. This scheme implements a stochastic net-
work selection policy that assigns certain probability for selecting WLAN according
to the status of the network in terms of load and signal quality. This approach helps
to improve the system performance in terms of network throughput, EE or call block-
ing probability. One of the main advantages in this scheme is that it eliminates the
complex computation on the UE side. At the same time, it allows the operators to
influence the network selection decision by setting the appropriate probability of select-
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ing WLAN according to different objectives. An analytical model is proposed for the
cellular-WLAN HetNet, that considers system specific overhead and limitations as well
as state based total power consumption models for each network, in order to compute
the optimal probability value for selecting WLAN network. In addition, comprehensive
performance analysis is carried out to compare the performance of the proposed scheme
with that of two mainstream network selection schemes, namely, WLAN-first and Load
Balancing. The results demonstrate the superiority of the proposed scheme over the
compared mainstream schemes.
Chapter 6
Epilogue
This chapter provides a conclusive summary and puts into perspectives the numerous
insights and findings that have been obtained from the previous chapters. Furthermore,
a number of open issues and future work directions on the network selection of an
operator deployed cellular-WLAN HetNet are discussed.
6.1 Summary of Insights and Conclusion
The HetNet architecture is considered to be one of the most promising solution for
the explosive traffic demand on the wireless communication networks and increasing
energy consumption of wireless communication networks. Hence, it is expected to be
one of the key aspect in the realisation of the future wireless communication networks.
Moreover, future wireless communication network is characterised by the co-existence
of multiple RATs called multi-RAT HetNets. In this context, the integrated cellular-
WLAN HetNet attracts considerable interest among the mobile network operators.
However, there are many challenges related to efficient operation of such multi-RAT
HetNet, due to different technological and architectural aspects of different RATs. One
of the major challenges of the integrated cellular-WLAN HetNet is the optimal selection
of serving network. In this regard, the main focus of this thesis was on the efficient
network selection sachems for an operator deployed cellular-WLAN HetNet.
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In Chapter 2, the literature that focus on multi-RAT HetNets are summarised, high-
lighting some major challenges and the solutions available in the literature. Especially,
the challenges related to coordination and cooperation of different RATs, network selec-
tion and vertical handovers, and combined radio resource management were outlined,
together with the solutions available to overcome those challenges in the literature.
Subsequently, EE aspect of multi-RAT HetNet was investigated, including commonly
used EE metrics and state of the art power consumption models. In addition, the de-
ployment strategies and operation strategies that aim to improve the EE of multi-RAT
HetNet were discussed.
In Chapter 3, a novel load balancing scheme is proposed for an operator deployed
cellular-WLAN HetNet. In this scheme, the user association is controlled by employing
cell breathing technique for the WLAN network. Hence, the users can simply associate
with the strongest available WiFi AP, without making any complex association decision,
since the computational complexity is limited to the network only. Since the complexity
of finding the optimal cell breathing of each AP exponentially increases with increased
AP density, a suboptimal heuristic algorithm is proposed in order to reduce the com-
plexity of the optimisation process. Subsequently, the performance of the proposed
scheme is evaluated in terms of system throughput, user fairness and load distribution
between cellular and WLAN networks, and compared with bench mark schemes. From
the results, it was demonstrated that the proposed scheme performs better in terms
of load distribution and user fairness while optimising the system throughput. More-
over, the proposed heuristic algorithm achieved similar performance compared to the
optimised utility scheme, with much less computational overhead. Thus, the proposed
scheme can be easily adopted to the current and future cellular-WLAN HetNet with-
out any changes in the user side, which makes this scheme more practical in terms of
implementation.
In Chapter 4, the performance analysis of cellular-WLAN heterogeneous network (Het-
Net) was carried out in order to investigate the effect of deploying CRE technique for
WLAN network in the cellular-WLAN HetNet. To this end, a system model similar to
the one in Chapter 3 was considered, with practical aspects of each type of access tech-
nology. From the simulation results, it was demonstrated that by applying a negative
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bias in CRE technique, the system performance can be improved. Although, the main-
stream WLAN-first scheme demonstrated the worst performance in terms of system
throughput, it demonstrated best performance in terms of fairness of users’ through-
put, while the CRE with negative bias demonstrated worst performance. Thus, the
results showed that there is a trade-off between the fairness of user throughput and the
system throughput. However, by optimising the bias factor of each AP individually,
with appropriate utility function, a better balance of this trade-off was achieved. More-
over, an interworking architecture was proposed with detailed signalling procedures for
implementing CRE technique for cellular-WLAN HetNets, specifically, for LTE-WIFi
HetNet.
In Chapter 5 a novel Adaptive Stochastic Radio Access Selection (ASRAS) scheme was
proposed for an operator deployed cellular-WLAN HetNet. This scheme implements a
stochastic network selection policy that assigns certain probability for selecting WLAN
according to the status of the network in terms of load and signal quality. This approach
helps to improve the system performance in terms of network throughput, EE or call
blocking probability. One of the main advantages of this scheme is that it does not
require complex computation on the UE side. At the same time, it allows the operators
to influence the network selection decision by setting the appropriate probability of
selecting WLAN according to different objectives. An analytical model was proposed
for the cellular-WLAN HetNet, that considers system specific overhead and limitations
as well as state-based total power consumption models for each network, in order to
compute the optimal probability value for selecting WLAN network. The performance
of the proposed scheme was analysed through proposed analytical model. The results
demonstrated the superiority of the proposed scheme over the compared mainstream
schemes.
6.2 Future Direction
The future wireless networks will continue to become increasingly heterogeneous as we
move toward 5G. Thus, a key feature will be increased integration between different
RATs, with a typical 5G-enabled device having radios capable of supporting not only
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the potential new 5G standards, but also legacy 3G, 4G, several types of WiFi, and per-
haps direct D2D communication, all across a great many spectral bands [116]. Hence,
determining the optimal user association is, for general utility functions, will be a mas-
sive combinatorial optimisation problem that depends on the SINR from every user to
every BS, the instantaneous load at each BS, the choices of other users in the network,
and possibly other constraints. Therefore, simplified procedures must be adopted [116].
In this regard, the proposed traffic steering schemes in this thesis can be utilised in the
future integrated multi-RAT HetNet.
In addition, it is envisaged that in the 5G system, a truly converged multi-RAT HetNet
with several alien RATs, such as WiFi, operating seamlessly with the 3GPP mobile
architecture is an important enabler for cost savings [51]. In order to such a truly
converged multi-RAT HetNet, a much tighter coordination than the current standard
offered, is required at the RAN level. With this kind of tight coordination at the
RAN side, the proposed schemes in this thesis can be better utilised to control the
network selection in the future 5G networks. Considering the aforementioned potential
future application of the proposed schemes in this thesis, we identified following future
extensions of the proposed schemes.
6.2.1 Non-saturated Traffic Scenario
The proposed solutions in this thesis mainly consider the traffic condition as saturated
traffic. However, in practice, the traffic demand may vary over certain period of time
(e.g., hours, day and week). Therefore, the proposed network selection solutions may
have different affect on network performance during the period of low traffic demand
(i.e., non-saturated traffic). Moreover, there are some solutions already available to
adaptively change the network dimension in order to reduce the energy consumption
of the network based on the traffic demand variations, such as sleep mode operation
of network elements and self organising networks (SON) [117, 118]. Therefore, the
network selection schemes for a multi-RAT environment can be extended to include such
adaptive network operation, considering traffic demand variation over certain period of
time.
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6.2.2 Multiple Association
Although, currently, the user terminals only use single radio interface to send or receive
data in a multi-RAT HetNet (i.e., unique association), there is an increasing interest
in enabling simultaneous multiple transmissions over multiple radio interfaces. This
feature is referred to as “Multi-Homing” in literature [119,120]. However, the simulta-
neous use of multiple access technologies brings a number of issues. Especially, at the
network and transport layers of protocol stack. Thus, in order to benefit from this kind
of features, it is important to develop innovative communication stacks beyond classic
IP-protocol, capable of supporting features like multiple instantaneous connections and
data aggregation. In this regard, extensions to standard protocols such as Stream Con-
trol Transmission Protocol (SCTP) and Multi-Path TCP (MPTCP) [121,122] started to
appear. Hence, the network selection schemes presented in this thesis can be extended
to include such features for future multi-RAT HetNets.
6.2.3 CBR Traffic and Mobility
Since this thesis mainly focuses on the data-traffic (i.e., VBR traffic), the proposed
network selection schemes manly consider the users are nomadic inside the coverage
area. However, if one considers CBR traffic such as voice and video calling, and the users
are mobile and able to switch between various accesses technologies while continuing
the call, they should focus on issues such as transparent handover and inter-operability
between the different RATs. Similar to the aforementioned Multi-Homing feature,
enabling this feature also poses challenges on the upper layers of the protocol stack such
as IP and transport layers. In this regard, new protocols such IP Flow Mobility (IFOM),
ANDSF and MIH can be exploited to enable seamless and transparent mechanism for
vertical handover (VHO) between RATs [15, 16, 123]. Thus, the presented network
selections schemes can be further extended to include mobility aspect of users in a
multi-RAT HetNet environment, considering practical aspects of each RATs at the
RAN side.
Appendix A
A Simulation Study on the Energy
Efficiency of LTE-WiFi HetNet
In this appendix, we present our previous simulation based study that is carried out
to investigate the EE aspect of a multi-RAT HetNet, specifically, a LTE-WiFi HetNet.
We use the well known NS3 simulator to evaluate the system performance for this
study, since it considers all practical aspects of full communication protocol stacks
according to the relevant standards of both LTE and WiFi networks. We use the widely
used network selection scheme, known as WLAN-first as a benchmark for this study.
Note that there is no CAC policy in the WLAN-first scheme. Therefore, the WLAN
network can become congested; hence, the whole network performance can degrade.
To this end, a simple CAC scheme is adopted for WiFi networks for this study, and the
performance of LTE-WiFi HetNet is investigated in terms of total network EE and per
user throughput with and without CAC.
A.1 Considered System Model
For this investigation, an LTE-WiFi HetNet is considered that comprises of a single
LTE cellular macro BS and multiple WiFi APs, providing service to the same cover-
age area. Figure A.1 depicts such typical network architecture. Further, a realistic
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Figure A.1: Considered LTE-WiFi HetNet
power consumption model is adopted for macro BS that includes power consumption
overheads of a BS as described in [66]. For AP, we adopt a simple state based power
consumption profile, such that it consumes fixed amount of power at different states of
the radio component (same as AP2 Power Consumption in [124]). For example, the AP
consumes 6W and 4W when the radio component is active and inactive, respectively.
Moreover, it is assumed that there is a CAC policy applied to the WiFi network, such
that the APs only allow certain number of users (e.g., a threshold in terms of number of
users), who have best channel condition under its coverage, regardless of their arrival
(or service request) order. For example, when there is a new service arrival, while
an AP already serves up to the threshold number of users (we assume 4 users for
this study), if the new arrival has better channel condition than any of the existing
users, the new user will be accepted by the AP while the user with the weakest channel
condition will be off-loaded to LTE macro-cell. By applying this kind of CAC policy, the
effective coverage of WiFi AP can be reduced depending on the network load without
reducing the transmit power of the AP as shown in Figure A.2. This will help to reduce
congestion and contention in WiFi system, which could result in better overall system
performance. In addition, it can also reduce the so called hidden node problems of
WiFi. The hidden node problems occurs when a WiFi device transmissions are not
detected using carrier sense by a second device, but whose transmissions interfere with
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transmissions from the second device to a third device [125]. To better illustrate this
phenomenon, imagine a scenario in Figure A.3 where devices A and C are hidden from
each other, since they are out of each other’s coverage range. Hence, they cannot sense
the transmission from each other using carrier sense, and thus they might transmit at
the same time to device B, which will result in packet collision.
Although, this kind of CAC policy is not as straight forward as it is assumed, and
there are many practical challenges in implementing such kind of policy in a practical
network, it is used as an example to shed light on the potential improvement in EE
and the opportunity for further research in this area.
Figure A.2: Effective coverage of WiFi AP with and without CAC with the load thresh-
old of 4 users (top shows low load condition and the bottom shows high load condition)
A.2 Results and Discussion
The system parameters for this simulation study are given in Table A.1.
Figures A.4 and A.5 show the simulation results in terms of per user throughput and
EE, respectively, with respect to increased AP deployment in the considered coverage
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Figure A.3: Hidden node scenario
Table A.1: System Parameters
Parameter Macro cell Access Point
RAT type 3GPP LTE WLAN (802.11g)
Number of cells 1 Variable (0-30)
Carrier frequency 2 GHz 2.4 GHz
Carrier bandwidth 20 MHz 20 MHZ
Max Transmit power 43 dBm 17 dBm
Path loss model 128.1+37.6 log10(R) Log distance path
(R is distance in km) loss model
Number of UEs 250
area. From Figure A.4, it can be seen that when the WiFi APs are introduced in the
LTE macro coverage area at a low number, the system performance in terms of average
user throughput has a slight improvement without CAC. This is due to the fact that,
the sparse nature of APs deployment, helps the system to off-load some users to WiFi
from the LTE macro-cell, without interfering with each other. However, when the AP
penetration increases, average user throughput degrades severely. This is due to the
increased interference (i.e., collision of frames) in WiFi system. Since without CAC,
large number of users can select WiFi, the higher number of contenting and hidden
nodes degrade the performance of WiFi system. In addition, since most of the users
are served by the WiFi APs including the users who have better channel condition from
LTE macro BS, the LTE macro-cell performance also degrades, since it serves only few
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users that have poor channel condition. Therefore, the whole system performance
degrades with increased AP deployment. However, by applying a CAC policy that
limits the number of users that can be served by an AP as well as only selecting the
best users in terms of channel condition under WiFi coverage, the performance can
be significantly improved. For example, with 30 APs in the system, over three fold
increase (i.e., 340%) in per user throughput can be observed.
From Figure A.5, it can be observed a similar effect on the system EE by applying
an intelligent CAC for WiFi system. In addition, it can be observed that the im-
provement of per user throughput is higher than that of the improvement of EE, with
increased number of APs, when the CAC is applied. For example, with 30 APs, about
250% improvement in EE can be observed, compared to 340% improvement in per user
throughput. This is due to the fact that the increment in system power consumption
due to the additional APs is higher than that of improved system throughput. In
general, the simulation results show that by applying some intelligent CAC policy, the
whole system performance in terms throughput and network EE can be significantly
improved. Therefore, it is not beneficial to just off-load the traffic in a multi-RAT Het-
Net without optimising the network through advanced operation policies. For example,
off-loading the cellular traffic to WLAN network with mainstream WLAN-first scheme
without any intelligent CAC policy is not always beneficial in terms of throughput or
EE. Moreover, these results show that there is a significant potential to improve the sys-
tem performance in terms EE as well as system throughput in such multi-RAT HetNet.
In addition, there is a need for further research that takes into account the practical
challenges and network dynamics such as network load and channel conditions.
A.3 Summary
In this appendix, a simulation-based study is carried out to investigate the EE aspect of
a multi-RAT HetNet, specifically, a LTE-WiFi HetNet. For this study, the well known
NS3 simulator, which considers all practical aspects of full communication protocol
stacks according to the relevant standards of both LTE and WiFi networks, is used to
evaluate the system performance. The results demonstrate that it is not beneficial to
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Figure A.4: Average per user throughput in a LTE-WLAN HetNet with and without
a CAC policy.
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Figure A.5: Total network EE in a LTE-WLAN HetNet with and without a CAC policy.
just off-load the traffic in a multi-RAT HetNet without optimising the network through
advanced operation policies. However, through proper network operation policies and
resource management strategies, performance of total network including EE can be
improved by off-loading the traffic in multi-RAT HetNets, especially, in cellular-WLAN
HetNets.
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